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ABSTRACT 
The objective of this study was to evaluate the expression of fatty acid associated genes 
(fabA, fabD and cfa) of five serovars of Salmonella exposed to sugar over a 14-day 
period. Changes in the fatty acid composition of Salmonella Tennessee in glycerol 
solutions of different water activity (aw) (1.0-0.6) and the relationship between survival 
and fatty acid modification (as altered by exogenously supplied fatty acids) at aw 1.0-0.6 
were also determined. Furthermore, the antimicrobial activities of carvacrol, 
cinnamaldehyde, and lauric arginate (LAE) alone or in combination against Salmonella 
Tennessee in a laboratory model of different aw and their effectiveness in peanut paste 
with different fat levels over time was also evaluated.   
Increased expression of the cfa gene over 14 days was associated with strains 
with a lower survival rate. The fabA gene was up-regulated for all strains for at least one 
sampling time and all time points tested for S. Tennessee ARI-33, suggesting its potential 
role in enhancing Salmonella survival in low aw foods. The fatty acid composition of S. 
Tennessee cells did not differ (P>0.05) over time at aw 1.0-0.6. Exogenous oleic and 
linoleic acids were both incorporated into S. Tennessee with a concomitant decrease of 
cyclopropane fatty acid (CFA, C17:0). However, the incorporation of these fatty acids 
from growth media had no effect on survival at aw 1.0-0.6 over 14 days. Cells incubated 
in peanut oil had improved survival at aw 0.8-0.6 as compared to controls. In the 
glycerol-sucrose model, all antimicrobials significantly reduced the population over time 
with LAE being the most effective compound. Cinnamaldehyde was more effective than 
 v 
carvacrol at aw 0.5 and 0.3. In low fat peanut paste, none of the antimicrobials inhibited 
growth of the microorganism at aw 1.0. However, inactivation was enhanced at reduced 
aw. Cinnamaldehyde and LAE both reduced the population to undetectable levels on day 
5 at the highest concentration tested (10 times higher than the glycerol-sucrose model). 
Fat content negatively impacted the efficacy of these antimicrobials. Inactivation 
efficacy of all antimicrobials was greatly decreased, but not eliminated, in 50% fat 
peanut paste.  
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Introduction 
The foodborne pathogen, Salmonella, has been frequently associated with outbreaks 
and recalls of low moisture foods such as peanut butter, chocolate, and powdered 
infant formula (CDC 1993; CDC 2007; CDC 2008; Hockin et al. 1989, Rowe et al. 1987). 
Salmonella is able to survive in these foods for a long period of time with increased heat 
resistance (Beuchat and Heaton 1975; Park et al. 2008; Shachar and Yaron 2006; Ma et 
al. 2009). 
The bacterial cell membrane is an interface between the environment and 
cytoplasm. Thus, it plays an important role in protecting cells from external stress. It 
consists of phospholipid bilayers with embedded proteins. The lipid composition is 
modified in response to environmental stresses in order to maintain membrane fluidity 
(Russel et al. 1995). For example, microorganisms grown at high salt concentration have 
a higher level of negatively charged membrane phospholipids (Kogut and Russell 1984). 
Guillot et al. (2000) reported the amount of cyclopropane fatty acid (C19:0) in 
Lactococcus lactis increased while the ratio of unsaturated/saturated fatty acid 
remained unchanged when grown in media supplemented with 0.3 M NaCl. Thus, trying 
to understand the fatty acid biosynthesis of Salmonella and its modifications in low 
moisture foods could potentially explain its long-term survival and increased resistance 
to other environmental stresses. 
Some non-thermal processing methods, such as high hydrostatic pressure, X ray, 
and electron beams, have been evaluated for their effectiveness against Salmonella in 
 2 
low aw foods as alternatives to heat treatments (D’Souza et al. 2012; Jeong et al. 2012; 
Matak et al. 2010). Chemical inactivation methods, on the other hand, have not been 
widely studied.  
Essential oils are natural aromatic volatiles extracted from plants. They are often 
used as flavoring agents but the antimicrobial properties of essential oils and their 
components have been explored and shown to be effective. Carvacrol is a phenolic 
compound that is the major component of essential oils of Lamiaceae. Trans-
cinnamaldehyde is the major component of cinnamon bark oil. Lauric arginate (N-
lauroyl-L-arginine ethyl ester monohydrochloride, LAE) is an amino acid-based cationic 
surfactant. All three compounds have GRAS (generally recognized as safe) status issued 
by FDA and show effectiveness against Salmonella in microbiological media and in foods 
(Becerril et al. 2013; Johny et al. 2010; Lingbeck et al. 2014; Ravishankar et al. 2010; Soni 
et al. 2010; Zhou et al. 2007). Their effectiveness in low aw environments, however, has 
not been evaluated.  
The objectives of this research were: 
1. To investigate the survival characteristics and changes in gene expression 
profiles of three of the genes involved in membrane fatty acid 
biosynthesis (fabA, fabD and cfa) of five serovars of Salmonella exposed 
to a low water activity food (sugar) over a 14-day period. 
2. To evaluate the fatty acid composition of Salmonella Tennessee in 
glycerol solutions of different aw (1.0-0.6) over 14 days and the survival 
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capability of S. Tennessee in these glycerol solutions over 14 days after 
fatty acid (oleic and linoleic acids) incorporation.  
3. To determine the antimicrobial activities of carvacrol, cinnamaldehyde, 
and lauric arginate alone or in combination against Salmonella Tennessee 
in a laboratory model of different water activities over three days and 
their effectiveness in peanut paste with different fat levels over five days.   
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Salmonella in low water activity food 
The foodborne pathogen, Salmonella enterica, is one of the leading causes of 
foodborne illness worldwide. In 2011, 11% of foodborne illnesses, 35% of 
hospitalizations, and 28% of deaths were caused by nontyphoidal Salmonella (Scallan et 
al. 2011).  Diarrhea, fever, and abdominal cramps develop within 12 to 72 hours after 
Salmonella infection. The illness is usually self-limiting with recovery after 4 to 7 days. 
However, if the infection spreads to the blood stream, reactive arthritis can develop. 
Children, the elderly, and immune compromised patients are more prone to severe 
illness.   
Animal products such as eggs, raw seafood, poultry, and meat are most 
commonly associated with salmonellosis because the intestinal tract of animals is a 
natural habitat for Salmonella. However, over the last few years, a number of 
Salmonella outbreaks have been reportedly associated with consumption of ready to 
eat low moisture foods, including peanut butter, chocolate, powdered infant formula, 
dry seasoning, and raw almonds (CDC 1993; CDC 2004; CDC 2007; CDC 2008; Hockin et 
al. 1989, Rowe et al. 1987). The severity of the outbreaks involved with low moisture 
foods has raised public concerns and presents a major challenge in food industry. For 
example, a 2008-2009 multistate peanut butter outbreak caused by Salmonella 
Typhimurium resulted in 714 cases in 46 states and 9 fatalities. Moreover, half of the 
infected persons were younger than 16 years old (CDC 2008). Generally, 7-9 log CFU/g 
of Salmonella are necessary for salmonellosis (Jay et al. 2005). However, the numbers of 
Salmonella found in outbreaks associated with low moisture foods was usually very low. 
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For example, in the 1993 outbreak of paprika and paprika-powdered potato chips in 
Germany, the population of Salmonella was found to be as low as 0.04-0.45 CFU/g 
(Lehmacher et al. 1995).  In the 1985 infant dried milk outbreak in United Kingdom, the 
concentration of S. Ealing was from sealed packet samples was 1.6 CFU/450 g (Rowe et 
al. 1987). The low concentration of Salmonella found in the contaminated foods 
indicated a potentially low infectious dose. However, it should also be noted that the 
low recovery of Salmonella in products involved in outbreaks could be contributed to 
uneven distribution of the organism in the products. Craven et al. (1975) suggested that 
high fat content in foods such as chocolate and peanut butter could protect Salmonella 
against the action of gastric acid in the stomach. Aviles et al. (2013) reported higher 
survival of Salmonella Tennessee in a simulated gastrointestinal system after inoculated 
into peanut butter. Then cells could colonize the lower gastrointestinal tract thus 
allowing a small number of cells to cause clinical symptoms (Podolak et al. 2010).  
The environmental investigation and epidemiological analysis of these outbreaks 
suggested that cross-contamination was the major cause of Salmonella contamination 
in low moisture foods (CDC 1993; CDC 2007; Craven et al. 1975). As most low moisture 
foods are generally ready to eat, if cross-contamination (the transfer of bacteria from 
one surface, object or place to another) happened and there is no additional 
inactivation step in the process, it could present a significant health safety risk. Podolak 
et al. (2010) extensively reviewed the sources and risk factors for Salmonella 
contamination in low moisture foods and summarized that cross-contamination takes 
place in areas with poor sanitation practices, substandard facility and equipment design, 
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improper maintenance, inadequate ingredient control, poor optional practices and 
other factors.  
Water activity (aw) is defined as the ratio of the vapor pressure of a food and the 
vapor pressure of pure water at the same temperature and external pressure. It is an 
indicator of the available water, and it affects the quality of the foods. It is considered 
one of the most important parameters in food preservation and processing (Van den 
Berg 1986). Most fresh foods have an aw above 0.95. Aw of 0.85 is used for determining 
whether a low acid canned food or an acidified food is covered by FDA regulations. 
Commercial sterility can be achieved by the control of water activity and the application 
of heat. Heat is generally necessary at aw levels above 0.85 to destroy vegetative cells of 
microorganisms of public health significance and spoilage microorganisms that can grow 
in reduced aw environment (CFR 21 113.3 (e)). Low moisture foods such as crackers, 
cereals, nuts, and infant dried milk usually have a water activity less than 0.4 (Barbosa-
Cánovas et al. 2007).  
The optimal growth aw for Salmonella is 0.99; growth was inhibited at aw below 
0.94 in media and in foods with aw less than 0.93 (Christian and Scott 1953). However, it 
can survive in low aw foods for a prolonged period of time. Park et al. (2008) reported 
0.15-0.65 log and 0.34-1.29 log reduction of a three  strain cocktail of S. Tennessee in 
commercial peanut butter over 14 days stored at 4 and 22°C respectively. Salmonella 
was also found to survive up to 32 weeks at -18, -7, 5 and 21°C (commercial pecan 
processing and storage temperature) on pecan halves with higher survival observed at 
lower temperatures (Beuchat and Heaton 1975). In dry raw confectionery materials 
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(cocoa butter oil, crushed coca and hazelnut shells, cocoa beans and almond kernels), 
Salmonella is able to survive 3-4 weeks at 5 and 21°C with better survival observed at 
lower temperature (Komitopoulou and Peñaloza 2009). Survival of Salmonella also 
varied depending on food matrix. Hiramatsu et al. (2005) evaluated desiccation 
tolerances of Salmonella on paper disks and reported survival of over 22 months at 4°C 
after an initial decrease when dried at 35°C for 24 h. They also found that the presence 
of sucrose (12%-36%) greatly increased the survival rate (10 to 79 times), and the 
survival in dried foods containing sucrose and/or fat (chocolate, roasted peanuts and 
dried squid chips with sucrose) was 100 times higher than survival on dried paper disks. 
Cell morphology of Salmonella also changed during long term survival under low 
aw. Mattick et al. (2000) found filamentation of S. Typhimurium and S. Enteritidis when 
grown in tryptic soy broth with aw adjusted to 0.93 - 0.98 (aw not bactericidal but 
suboptimal for growth) by NaCl, sucrose, or glycerol at 21 or 37°C, with some of the 
filaments  at least 200 μm long. They suggested the production or action of cell division 
proteins in Salmonella could be inhibited by low aw stress. This could lead to blockage of 
septation. Kieboom et al. (2006) reported similar observations: they found that 
filamentation of S. Enteritidis cells was induced by reduced aw, and up to 90% of the cells 
were elongated at aw 0.94. The filamentous cells maintained their membrane integrity 
for 21 days after challenged with low aw.  
Reduced aw also greatly affects the heat resistance of Salmonella. It was 
suggested that the amount of available water during heating could cause major 
differences in the heat resistance of microorganisms (Fox and Eder 1969; Sumner et al. 
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1991). The D60°C of S. Typhimurium in tryptic soy broth (aw 1.0) was 0.3 minutes (Wolfson 
and Sumner 1994). Goepfert et al. (1970) evaluated the effect of aw on heat resistance 
of 8 strains of Salmonella at 57.2°C and observed an increase in heat resistance when aw 
was reduced from 0.99 to 0.87 (adjusted with sucrose) or 0.75 (adjusted with glycerol). 
They also reported a greater heat resistance when aw was reduced with sucrose rather 
than with glycerol and concluded that the heat resistance of Salmonella depended on 
the substance that is effecting the aw level. Heat resistance of Salmonella in food 
products with reduced aw has also been reviewed. Archer et al. (1998) reported a D-
value of 875 min (60-62°C) and 29 min (63-65°C) in flour with an initial aw of 0.4 and 0.5, 
respectively. Shachar and Yaron (2006) evaluated the heat resistance of Salmonella 
Agona, Enteritidis and Typhimurium in peanut butter and reported only 3.2 log 
reduction when treated at 90°C for 50 minutes but greater than 7 log reduction at 70°C 
in saline in less than 5 minutes. No significant differences between serovars were 
observed. Moreover, in peanut butter, a higher inactivation rate was observed for the 
first 5 minutes (2.5 log at 90°C), followed by no further reduction in population after 20 
minutes. The reported upward concave thermal inactivation curve (rapid decrease first 
and lower reduction rate followed) in peanut butter was shared by Ma et al. (2009). Ma 
et al. also reported that a S. Tennessee 2006-2007 peanut butter outbreak strain was 
more resistant to heat than other Salmonella strains tested. Approximately 120 minutes 
were needed for a 7-log reduction of the outbreak strain in peanut butter at 90°C while 
less than 90 minutes was enough for other stains. Reduced aw foods such as peanut 
butter and chocolate have high fat content, so it was suggested that the combination of 
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low aw and high fat in foods could have a synergistic effect on heat resistance of 
Salmonella (Shachar and Yaron 2006).  
Besides increased heat tolerance, desiccation of Salmonella may also induce 
other stress responses and provide protection against other bactericidal processes. Air 
dried Salmonella cells to aw 0.53 were found to be significantly more tolerant to 
stressors including ethanol, hydrogen peroxide, UV irradiation, sodium hypochlorite, 
and dodecyl dimethyl ammonium chloride than non-desiccated cells (Gruzdev et al. 
2011). Kieboom et al. (2006) also observed increased resistance of Salmonella to sodium 
hypochlorite after growing on TSA with ionic humectant.   
Osmoregulation 
The physiological responses of bacteria to osmotic stress have been widely 
studied. Normally, bacterial cells maintain a higher internal osmotic pressure than the 
surrounding environment, so pressure exerts outward on the cell wall, providing the 
mechanical force necessary for cell elongation (Gutierrez et al. 1995, Csonka 1989). The 
pressure balance between the cell interior and exterior is called turgor pressure 
(Gutierrez et al. 1995). It was suggested that bacteria respond to osmotic upshift in 
three overlapping phases: dehydration, adjustment of cytoplasmic solvent composition 
and rehydration, and cellular remodeling (Wood 1999). For osmotic downshifts, Wood 
(1999) also suggested a 3-phase response: water uptake, water and co-solvent extrusion 
and co-solvent reaccumulation and cellular remodeling. Hypoosmotic shock (osmotic 
downshifts) can cause minor increases in cell volume (Stock et al. 1977). If osmotic 
pressure of the environment increases (aw reduction, hyperosmotic shock), the cell loses 
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water to maintain turgor pressure and the shrinkage of cytoplasmic volume 
(plasmolysis) can occur. Sudden plasmolysis can lead to an increased concentration of 
various intracellular molecules that could inhibit many physiological processes and 
potentially result in cell death. However, if the hyperosmotic shock is not too severe, 
plasmolysis is transient, and osmotic adjustment can restore the cytoplasmic volume 
(Csonka 1989). Besides losing water, bacteria can also initiate responses to osmotic 
stress to maintain turgor pressure without affecting cellular processes (osmoregulation). 
Osmoregulation is a series of complex cell mediated responses. Although the complete 
mechanism is still not fully understood, it is widely accepted that the accumulation of 
solutes in the cytoplasm can help increase the internal osmotic pressure and reduce the 
aw of cell interior, thus restoring turgor pressure. Certain type of solutes, named 
compatible solutes, accumulate so that the normal cellular functions would not be 
impacted. The controlled accumulation of compatible solutes has been considered a 
major factor of the adaptive response of bacteria to osmotic stress (Strøm et al. 1986). 
Compatible solutes can stabilize intracellular enzymes and other proteins so that they 
continue functioning when the water activity decreases (Russell et al., 1995). 
Compatible solutes can be synthesized by de novo biosynthesis or taken from the 
environment (Gutierrez et al. 1995). Escherichia coli and Salmonella use trehalose, 
proline, glycine betaine, ectoine, and other compounds as compatible solutes (Altendorf 
et al. 2009).  
Potassium ions (K+) are the most abundant cations in the cytoplasm of bacteria 
(Walderhaug et al. 1987), and the uptake of K+ is the most rapid response to osmotic 
 12 
upshock (Csonka and Epstein 1996). When high concentrations of solutes such as 
sucrose, NaCl, and glucose that could not diffuse across the cell membrane were added 
to the medium to increase osmolarity, the accumulation of K+ was expressed, and the 
intracellular concentration of K+ is determined by the medium osmolarity only, despite 
the solutes used (Walderhaug et al. 1987). The accumulation of K+ was not triggered by 
glycerol (Epstein and Schultz 1965), a compound that can defuse across the cell 
membrane freely (Mitchell and Moyle 1956). Csonka (1989) suggested that the loss of 
turgor or reduction in the cytoplasmic volume, rather than intracellular aw reduction, 
could be the signal for K+ accumulation. It is also proposed that K+ performs as a second 
messenger that triggers and coordinates other osmotic responses. The accumulation of 
glutamate, the most abundant osmotically regulated anion in enteric bacteria, is 
determined by K+ uptake (Tempest et al. 1970). The levels of glutamate increased in 
many marine and non-halophilic bacteria after expose to a high osmotic environment 
(Makemson and Hastings 1979; Measures 1975). Tempest et al. (1970) suggested that 
glutamate accounted for over 80% of the free amino acids in some organisms grown in 
media with osmolarity increased by the addition of NaCl. However, it was also found 
that mutants of S. Typhimurium that overproduce proline but do not increase glutamate 
levels after being exposed to media of high osmolality were still more tolerant to 
osmotic stress than wild type strains. Thus the increase in glutamate itself is not 
required for osmotic stress tolerance (Csonka 1988). When E. coli was grown in a 
minimal medium with increased osmotic pressure, synthesis of trehalose in the 
cytoplasm was observed after the uptake of potassium glutamate; the subsequent 
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increase of trehalose was accompanied by the release of potassium glutamate until the 
concentration of both reached a balance (Dinnbier et al. 1988). Giaever et al. (1988) 
reported that trehalose was synthesized from the carbon source being utilized for 
growth, and they also found an increase in the activity of trehalose 6-phosphatase, the 
enzyme involved in trehalose synthesis, when E. coli cells were exposed to osmotic 
stress.  
Osmoprotectants  (e.g., such proline and betaine) are external compounds that 
can be transported into the cell and stimulate growth of bacteria in media of high 
osmolality. Sutherland et al. (1986) concluded that at low osmolarities, K+ is the major 
osmotic species since it is always available to the cells. The increased osmolarities could 
lead to higher intracellular concentration of K+, which is harmful for enzymatic activities 
of the cells. Thus, betaine becomes more important for restoration of turgor when it is 
available. It was found that enteric bacteria, such as S. Typhimurium and E. coli, contain 
low intracellular levels of proline, and proline synthesis or degradation is not affected by 
the osmotic stress. The accumulation of proline during osmotic stress is accomplished 
by transport from the exterior (Csonka 1981, 1988). The addition of proline in growth 
media could promote growth of S. Oranienburg when exposed to osmotic stress, and 
growth was inhibited without proline (Christian 1955). ProP, ProU and PutP are proline 
transporters for E. coli and S. Typhimurium (Wood 1988). The expression of the proU 
gene is determined by the intracellular accumulation of K+. When proline and betaine 
accumulate, the level of accumulated potassium can be decreased and eventually flow 
out of the cells as the compatible solutes accumulate (Sutherland et al. 1986). Glycine 
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betaine is another major osmoprotectant for members of the Enterobacteriaceae 
(LeRudulier and Bouillard 1983). However, it is usually transported from the exterior 
because most bacteria are not able to synthesize glycine betaine. It was also discovered 
that ProP and ProU can mediate the uptake of betaine (Cairney et al. 1985a, 1985b; May 
et al. 1986). If organic osmoprotectants are not available from the environment, 
trehalose accumulation will then replace potassium glutamate (Altendorf et al. 2009).  
Membrane Lipid modification in adaptation to low water activity  
The cell membrane, a semipermeable membrane, is an interface between the 
environment and cellular cytoplasm. It consists of a phospholipid bilayer with 
embedded proteins. It is involved in many cellular processes, regulating the flow of 
nutrients and metabolic products in and out of the cell and protects the cell from the 
surrounding environment. In response to environmental stresses, including osmotic 
stress, the composition of the cell membrane will alter in order to maintain its functions. 
Lipid composition and structure are particularly modified in response to changes in 
temperature or solute concentration to maintain the fluidity and/or phase behavior in 
the membrane bilayer (Russell 1989; Russel et al. 1995).  
Phospholipid composition determines the membrane’s lateral pressure profile. It 
is suggested that osmosensing can be affected by the alteration of the lateral pressure 
profile of the cytoplasmic membrane that is induced by the changes in phospholipid 
head group and fatty acid composition (Wood 1999). Gram-negative bacteria, such as 
Salmonella, have an outer membrane (periplasmic membrane) besides the cytoplasmic 
membrane that consists primarily of a phospholipid-lipopolysaccharide bilayer. The 
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outer membrane is more permeable than the cytoplasmic membrane to inorganic ions 
(e.g., Na+, Cl-) and small organic solutes (e.g., monosaccharides) that could increase 
osmotic stress. If these small solutes were supplemented in media, they would 
dehydrate the cytoplasm but not the periplasm (Altendorf et al. 2009). However, it was 
found that changes of membrane-derived oligosaccharides in periplasm are link to the 
medium osmolarity. When an E. coli mutant defective in the synthesis of membrane-
derived oligosaccharides (MDO, an oligosaccharide normally found in the periplasmic 
space) was introduced to media supplemented with 3% NaCl, the defect is suppressed 
and the MDO level was restored MDO (Clark 1985).  
When external aw is lowered by preservative solutes, an increase in the 
proportion of anionic phospholipids such as diphosphatidylglycerol (DPG) and 
phosphatidylglycerol (PG) and/or glycolipids was suggested as a common alteration 
(Russell 1993). These changes were made to preserve the membrane lipids in the proper 
bilayer phase (Sutton et al. 1990). A wide range of bacteria, including Gram-positive 
bacteria Listeria monocytogenes and Lactobaillus plantarum, (Russell et al. 1995) and 
Gram-negative bacteria E. coli (McGarrity and Armstrong 1975) and Vibrio costicola 
(Kogut and Russell 1984) were reported having these modification when grown in media 
with high salt concentration. For example, Russell et al. (1995) reported that when L. 
monocytogenes was grown in media with addition of 2% NaCl, the ratio of DPG/PG 
increased, compared to the control culture with no addition of NaCl.  
When microorganisms were grown in media with osmolality raised by salt, along 
with changes to the phospholipids, the osmotic stress induced changes in fatty acid 
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composition. Guillot et al. (2000) reported the amount of cyclopropane fatty acid (CFA, 
C19:0) in Lactococcus lactis increased while the ratio of unsaturated/saturated fatty acid 
remained unchanged when grown in media supplemented with 0.3 M NaCl. Similar 
results were found in E. coli: there was an increase of CFA and a reduction in 
unsaturated fatty acids as the amount of NaCl was increased from 0 to 0.6 M in growth 
media (McGarrity and Armstrong 1975). When the salt tolerant yeast 
Zygosaccharomyces rouxii was cultivated in media containing 15% (w/v) NaCl, increased 
amounts of palmitoleic (C16:1), oleic (C18:1), stearic (C18:0) and linoleic acids (C18:2) 
decreased (Hosono, 1992). On the contrary, Grogan and Cronan, Jr. (1986) reported no 
increase in the CFA content of E. coli when the osmotic pressure of defined media was 
increased with 0.6 M sucrose or 23% polyethylene glycol.  
Changes in the microbial lipid composition induced by many other 
environmental stress including temperature, pH and antimicrobial compounds have also 
been studied. Pasqua et al. (2006) first reported changes in the membrane fatty acid 
composition of several bacteria when essential oil components were supplied in growth 
media. Dubois-Brissonnet et al. (2011) reported that an increase of saturated fatty acids 
was also observed when Salmonella Typhimurium was grown in media with additional 
plant-derived terpenes, and CFA synthesis was inhibited significantly. On the contrary, 
CFA was reported to be a major factor in acid resistance of E. coli (Brown et al. 1997; 
Chang and Cronan, Jr. 1999) and Salmonella Typhimurium  (Kim et al. 2005).  
Examination of microbial adaptation to temperature stress showed that short chain 
saturated and unsaturated fatty acids were more common in psychrotrophs when 
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compared with psychrophiles (Robert et al. 1993) and branched chain fatty acids were 
more commonly found in psychrophiles (Šajbidor 1997). When experiencing 
temperature changes, alteration of fatty acids is the major response while the changes 
in head-group composition are minor (Russell 1992; Russell et al. 1995). In general, 
bacteria synthesize a greater proportion of unsaturated fatty acids when grown at lower 
temperature (de Mendoza and Cronan, Jr. 1983). 
Fatty acid metabolism  
As discussed before, cell membrane phospholipids and fatty acids play a major 
role in stress adaptation. Thus, it is important to understand their metabolism such as 
fatty acid synthesis. Moreover, the enzymes of bacterial fatty acid biosynthesis are 
proposed to be excellent antimicrobial targets (Campbell and Cronan, Jr. 2001a).  
The total lipid content in most bacteria ranges between 1 and 10% of the dry cell 
weight (Knaysi 1951). Lipids of bacterial cells consisted of free fatty acids, neutral fats 
and waxes and phospholipids. Compared to other organisms, bacterial lipids contain 
larger proportions of free fatty acids, and they do not contain sterols, classical lecithins 
and cephalins (Asselineau and Lederer 1960). E. coli has long been used as a bacterial 
model for lipid biosynthesis research. E. coli and Salmonella contained three major 
phospholipids: phatidylethanolamine (PE), PG and DPG. PE makes up approximately 75% 
of the total phospholipid. Similar fatty acid compositions have been found in 
phospholipids, neutral lipids and lipoproteins of E. coli: saturated fatty acids palmitic 
and myristic acid; monosaturated fatty acids palmitoleic and cis-vaccenic acid; trace of 
lauric, stearic and cis-7-tetradecenoic acids. Since the compositional analysis of S. 
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Typhimurium seemed identical to E. coli, thus, the information obtained for E. coli could 
be assumed applicable to the Salmonella (Cronan, Jr. and Rock 1996).  
Cronan, Jr. and Rock (1996) divided the lipid synthesis into two sections: (i) the 
synthesis of fatty acids that are responsible for the hydrophobicity of lipids and (ii) the 
formation of cellular phospholipids by attachment of  completed fatty acids to glycerol-
3-phosphate with addition and modification of the polar head groups. In this review, 
only part (i) fatty acids biosynthesis will be reviewed.  
There are two types of fatty acid synthesis pathways: type I and II. Type I 
synthase enzymes are large multifunctional proteins that have all active sites in a single 
protein or split between two interacting proteins (Campbell and Cronan, Jr. 2001a). 
While in a type II system, each of the reactions are carried out by discrete proteins 
(enzymes) that are encoded by unique genes (Campbell and Cronan, Jr. 2001a; Cronan, 
Jr. and Rock 1996).  The fatty acid synthesis of E. coli (and other enterics) uses the type II 
pathway. Coenzyme A (CoA) and acyl carrier protein (ACP) are the two major cofactors 
in fatty acid synthesis: ACP transports the growing acyl chain from one enzyme to 
another, and CoA supplies precursors for the condensation reactions (Magnuson et al. 
1993). The biosynthesis uses repeated cycles of condensation, reduction, dehydration 
and reduction to produce fatty acids.  
Fatty acid biosynthesis 
Cronan, Jr. and Rock (1996) reviewed microbial membrane fatty acid 
biosynthesis. There are two stages of the fatty acid biosynthesis: initiation and 
elongation. The first step involves conversion of acetyl coenzyme A (acetyl-CoA) to 
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malonyl-CoA catalyzed by acetyl-CoA carboxylase (ACC, a complex of four gene products 
AccA-D). The fab genes are involved in coding for the enzymes used to make long chain 
fatty acids from acetyl-CoA and malonyl-CoA (Campbell and Cronan, Jr. 2001a). Malonyl-
CoA is then converted to malonyl-ACP by malonyl-CoA:ACP transacylase (FabD, encoded 
by fabD gene). Maylonyl-ACP is required for all elongation steps. The biosynthesis uses 
repeated cycles of condensation, reduction, dehydration and reduction to produce fatty 
acids. 
 There are three proposed pathways initiation: condensation of acetyl-CoA and 
malonyl-ACP by β-ketoacyl-ACP synthase III (KAS III or FabH) to form acetoacetyl-ACP; 
the other two pathways both involve condensation of acetyl-ACP with malonyl-ACP to 
produce acetoacetyl-ACP, but acetyl-ACP can be formed from acetyl-CoA by either 
acetyl-CoA: ACP transacylase or KAS III (pathway II) or by decarboxylation of malonyl-
ACP using β-ketoacyl-ACP synthase (KAS I or FabB, pathway III). Then produced acetyl-
ACP from pathway II or III is then condensed with malonyl-ACP using KAS I to form 
acetoacetyl-ACP.  
After the condensation of malonyl-ACP with an acyl group from acyl-CoA or acyl-
ACP by the KASs, the formed β-ketoester is reduced to β-D-hydroxyacyl-ACP with a 
NADPH-dependent β-ketoacyl-ACP reductase (FabG). Then the β-D-hydroxyacyl-ACP is 
dehydrated to trans-2 enoyl-ACP using β-hydroxyacyl-ACP dehydrase (FabA or FabZ). 
The final step is formation of acyl-ACP that can be used as substrate for the next 
elongation cycle. It is catalyzed by enoyl-ACP reductase. After the first cycle, a four-
carbon fatty acid is formed. The acyl-ACP from the previous cycle and malonyl-ACP 
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carried out the additional elongation cycles with KASs except KAS III. After each cycle, 
two carbon units are added to the methyl end of fatty acid.  
During the elongation process, unsaturated fatty acid biosynthesis can be 
derived from the ongoing saturated fatty acid biosynthesis. β-hydroxydecanoyl-ACP 
dehydrase FabA and KAS I (FabB) are required for the formation of unsaturated fatty 
acids. FabA introduces a double bond to β-hydroxydecanoyl-ACP to form 2-decenoyl-
ACP. This enzyme can also isomerize the trans-2-decenoyl-ACP to cis-2-decenoyl-ACP, 
which is essential for unsaturated fatty acid synthesis. The cis-2-decenoyl-ACP can then 
be future elongated in unsaturated fatty acid pathway by FabB.  
Cyclopropane fatty acids (CFAs) are found in many species of bacteria including 
E. coli and Salmonella. The formation of CFAs is a post synthetic modification of 
unsaturated fatty acids by addition of a methylene group to the double bond donated 
by S-adenosylmethionine. The reaction is carried out by CFA synthase encoded by cfa 
gene. Natural CFAs have cis configuration of the cyclopropane ring and there are three 
predominant CFAs in bacterial membrane lipids: cis-9, 10-methylene hexadecanoic 
acids, cis-11, 12-methylene octadecanoic acid and cis-9, 10-methylene octadecanoic 
acid (Cronan, Jr. et al. 1974; Grogan and Cronan, Jr. 1997). A cfa mutant could not 
produce CFA in S. Typhimurium, suggesting that it is the sole enzyme responsible for 
formation (Kim et al. 2005). Since CFA synthesis utilizes unsaturated fatty acids as 
substrates, the production of CFAs is accompanied with a decrease in unsaturated fatty 
acids content of the cell (Cronan, Jr. et al. 1974). Most CFA synthesis occurs during late 
log phase to the stationary phase (Wang and Cronan, Jr. 1994). The importance of this 
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membrane modification is not well known since the mutants without CFA synthase 
activity exist and can grow and survive under normally (Grogan and Cronan, Jr. 1984). It 
is proved that the formation of cyclopropane ring in bacterial membrane is energetically 
expensive. The timing and high-energy cost for CFA formation suggested important 
physiological roles for CFA, such as stress adaptation (Grogan and Cronan, Jr. 1997). 
Grogan and Cronan, Jr. (1986) observed that E.coli strains with cfa null mutation were 
more sensitive than isogenic cfa+ strains to repeated freeze-thaw treatment.  
Fatty acid degradation 
If there are exogenous fatty acids in the environment, bacteria can use fatty 
acids as their energy sources. The fatty acids can be used as precursors for membrane 
phospholipid biosynthesis or degraded via β-oxidation and converted to acetyl-CoA, 
which can be further metabolized in various cellular process (Fujita et al. 2007). Wild 
type E. coli can use fatty acids as a single carbon source when they are at least 12 
carbons long and after a distinct lag phase (Nunn 1986). Genes coding the enzymes 
associated with long chain (>12 C) or median chain (C7-C11) fatty acids degradation are 
located at several sites on E. coli chromosome and formed a fad (fatty acid degradation) 
regulon (Overath et al. 1967, 1969). Medium chain fatty acids cannot be utilized by E. 
coli as a single carbon source because they do not induce the fad regulon. Thus, E.coli 
can grow on medium chain fatty acids when the culture has been induced with long 
chain fatty acids or there is mutation in fadR gene (Overath et al. 1969; Weeks et al. 
1969). E. coli can not use short chain fatty acids solely by fad regulon. In addition, two 
degradative enzymes Acetoacetyl-CoA: acetate CoA-transferase encoded by atoA, 
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thiolase encoded by atoB are required for short chain fatty acid degradation. Gene atoA, 
atoB and a regulatory gene atoC formed an operon (ato operon) (Pauli and Overath 
1972).   
Medium chain or short chain fatty acids may diffuse through bacterial 
membranes without a protein carrier, as no transport proteins or genes required for 
transport have been identified (Clack and Cronan, Jr. 1996). Long chain fatty acids are 
transported across the outer membrane with the assistance of a membrane protein 
carrier, coded by fadL gene (Black 1988; Black et al. 1985, Maloy et al. 1981). Then the 
fatty acids transport from the periplasmic space to the cytoplasmic space by another 
membrane protein acyl-CoA synthase (FadD). This enzyme can convert the free fatty 
acid to acyl-CoA with the cost of ATP (Black et al. 1992). Acyl-CoA can then be converted 
to enoyl-CoA with acyl-CoA dehydrogenase (FadE). For degradation of unsaturated fatty 
acids, enoyl-CoA was formed from 2, 4-dienolyl-CoA that was derived from unsaturated 
fatty acid. The formation of 2, 4-dienolyl-CoA was catalyzed by 2, 4-dienoyl-CoA 
reductase (FadH). A multi-enzyme complex further carries β-oxidation process including 
hydration, oxidation and thiolytic cleavage. Each oxidation cycle results in the 
shortening of acyl-CoA with one acetyl-CoA formed. This complex has α2β2 subunits 
structure. The small β subunits (each 42 KD) are encoded by the fadA gene while the 
larger α subunits (each 78 KD) are encoded by the fadB gene (DiRusso 1990). This multi-
enzyme complex involved five enzymes: 3-ketoacyl-CoA thiolase, enoyl-CoA hydratase, 
L-3-hydroxyacyl-CoA dehydrogenase, cis-Δ3-trans-Δ2-enoyl-CoA isomerase and 3-
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hydroxyacyl-CoA epimerase (Binstock et al. 1977; Binstock and Schultz 1981; Pramanik 
et al. 1979).  
Transcriptional regulation of fatty acid metabolism 
As discussed before, production of malonyl-CoA in the first step of fatty acid 
biosynthesis requires a 4-subunit-enzyme ACC encoded by the acc genes: biotin carboxyl 
carrier protein (accB), biotin carboxylase (accC), and carboxyltransferase α (accA) and β 
(accD) (Li and Cronan, Jr. 1992a, 1992b). The accA and accD genes are transcribed from 
separate promoters mapped at min 4.3 and min 50 respectively on E. coli chromosome 
while accB and accC are co-transcribed and mapped at min 72 (accBC operon) (Li and 
Cronan, Jr. 1993). They also reported that the expressions of these genes directly 
correlated with the rate of cellular growth. Many genes involved in fatty acid 
biosynthesis are in the fab gene cluster, fabH-fabD-fabG-acpP-fabF, at min 24 of the  E. 
coli chromosome (Oh and Larson 1992; Rawling and Cronan, Jr. 1992). The plsX gene 
located immediately upstream of fabH encodes for a protein involved in lipid synthesis 
(Oh and Larson 1992). Parsons et al. (2015) reported PlsX is acyl-acyl carrier protein: 
phosphate transacylase that can convert the two acyl donors in Gram-positive bacterial 
phospholipid synthesis. Gene rpmF encoding ribosomal protein L32 and plsX are 
upstream of the fab cluster and rpmF-plsX-fab genes are co-transcribed (Podkovyrov 
and Larson, 1995). The fab cluster of Salmonella Typhimurium was found to encode 
proteins with >94% homology to those of E. coli (Zhang and Cronan, Jr. 1998). Similar 
fab gene clusters have been reported in other bacteria such as Vibrio harveyi (fabD-
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fabG-acpP-fabF) (Shen and Byers 1996) and Bacillus subtilis (plsX-fabD-fabG-acpP) 
(Morbidoni et al. 1996).  
Podkovyrov and Larson (1996) found in addition to the operon promoter located 
upstream of rpmF, there was an internal fabH promoter of the operon located within 
the plsX gene and the promoter can transcribe fabH, fabD and fabG. Introducing a 
transcription terminator cassette between the fabD and fabG genes of E. coli 
chromosome can stop the transcription of fabG and stop cell growth, however, insertion 
of the terminator cassette between fabH and fabD genes sharply decrease the 
transcription of fabD and fabG genes, though cellular growth in this circumstance was 
slowed but not inhibited (Zhang and Cronan, Jr. 1998).   
Long chain acyl-ACPs can negatively regulate fatty acid biosynthesis by inhibition 
of key enzymes in the pathway. Enoyl-ACP reductase (fabI), the enzyme used in the 
reduction step, can be inhibited by acyl-ACP, which can then effectively down regulate 
every elongation cycle (Heath and Rock 1996); KASIII (FabH), which functions in the 
initiation step, is also regulated by acyl-ACP, thus the total number of fatty acids 
produced can be limited (Heath and Rock 1996; Marrakchi et al. 2002). The production 
of ACC is also inhibited by long chain acyl-ACP, which can lead to reduced levels of 
Malonyl-CoA (Davis and Cronan, Jr. 2001).  
As stated before, the fad regulon is the major component for the transport, 
acylation and β–oxidation of medium chain and long chain fatty acids. Enzymes coded 
by the fad regulon are regulated by cylic adenosine 3’, 5’-monophosphate (cyclic AMP) 
and its receptor protein (CRP); ArcAB system (arc for aerobic respiration control) and 
 25 
the FadR protein. CRP/cylic AMP positively controls carbon utilization and is required for 
expression of enzymes of fad system (Clark and Cronan, Jr., 1996; Pauli et al., 1974).  
ArcAB and FadR are repressors that negatively regulate the fad regulon and ace operon 
in E. coli (Clark and Cronan, Jr. 1996, Dirusso and Nunn 1985; Simons et al. 1980a; Maloy 
and Nunn 1981). 
The fadR+ gene is a multifunctional regulatory gene that negatively controls the 
fad regulon (Overath et al. 1969; Simons et al. 1980a, b). It is located at min 25.5 of E. 
coli chromosome (Simons et al. 1980a). Hughes et al. (1988) hypothesized that there are 
two functional domains in FadR protein, one is DNA binding domain that recognizes the 
multiple operators of fad regulon, the other recognizes the fad regulon inducers, such as 
long chain fatty acids. Acyl-CoAs that were converted from long chain fatty acids can 
bind FadR and release this regulatory protein from the operator, resulting the 
transcription of the fad genes and β-oxidation (Henry and Cronan, Jr. 1991; DiRusso et 
al. 1992). Early study of the fad regulon used fusions of lacZ (coding for β –
galactosidase) to the fadA, B and fadE operons. β –galactosidase activity was induced by 
long chain fatty acids and repressed by glucose. Also, when introducing an insertion 
mutation in fadR gene to the fusion strains, constitutive production of β –galactosidase 
was also observed (Clark 1981).  
FadR is also involved in unsaturated fatty acid biosynthesis regulation, as a 
positive activator in the transcription of fabA gene (Nunn et al. 1983; Henry and Cronan, 
Jr. 1991) and fabB gene (Campbell 2001b). Henry and Cronan (1991) reported a 12-fold 
decrease of fabA gene expression in a fadR null mutant. They suggested that the FadR 
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protein could allow RNA polymerase to bind and/or function at the downstream 
promoter. The fabB gene was later proved regulated by FadR in a similar way as the 
regulation of fabA using genomic array studies although fabA and fabB are well 
separated transcriptional units on the genetic map (Campbell and Cronan, Jr. 2001b). 
The fabA gene has two promoters with the major promoter regulated by FadR. The 
binding site of fadR is a 17 bp mucleotide sequence at the -40 region that is commonly 
used for activators of σ70 (Dirusso et al. 1993, Henry and Cronan, Jr. 1991). The other 
promoter located upstream and is a weaker promoter, it is about 20-fold less active 
than the fadR activated promoter (Cronan, Jr. and Subrahmanyam, 1998).  The 
promoter of fabB is suggested to be a complex highly related to the promoter of fabA 
but it was not well defined (Campbell and Cronan, Jr. 2001b; Kauppinen et al. 1988, 
Zhang et al. 2002).  
It is suggested that the membrane fluidity of bacteria is controlled by the ratio of 
saturated to unsaturated fatty acids in membrane phospholipids. The lack of 
unsaturated fatty acids can result in cell death. Clark et al. (1983) reported the over 
production of fabA gene product β-hydroxydecanoyl-ACP dehydrase of E. coli did not 
increase the levels of unsaturated fatty acids but significantly increased the content of 
saturated fatty acids in phospholipids. Thus, the β-hydroxydecanoyl-ACP dehydrase 
produced trans-enoyl product is capable of entering saturated fatty acid synthesis 
pathway. However, by introducing multiple copies of the fabB gene into the fabA up 
strain, the compositional changes of fatty acids due to dehydrase overproduction was 
eliminated. 
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McCue et al. (2001) determined that the YijC protein bond upstream of fabA and 
fabB and was positioned between the -10 and -35 regions of these promoters, 
suggesting a repressor role of YijC. They renamed this repressor FabR for fatty acid 
biosynthesis regulator. The regulatory function of FabR in fatty acid biosynthesis was 
also confirmed by Zhang et al. (2002). They reported that deletion of fabR resulted in 
significantly increased levels of unsaturated fatty acids in the membrane phospholipids, 
especially cis-vaccenate acid. Moreover, fabB expression in the fabR mutant stain was 
significantly upregulated while there was a smaller increase in fabA expression. 
The cfa gene was found at min 37.6 of the chromosome of E. coli genome 
between ydhC and ribC loci (Berlyn et al. 1996). There are two functional promoters of 
the cfa gene. One of the promoters can be recognized by σ70 RNA polymerase subunit 
and it can initiate transcription throughout all the growth phases. The other promoter, 
however, recognized by RpoS is active only during the transition from log to stationary 
phase. Disruption of rpoS can decrease CFA synthease activity and CFA content. The CFA 
synthases activity was also found unstable in vivo and the half-life of a cfa fusion protein 
was found less than 5 minutes (Wang and Cronan, Jr. 1994).  
The rpoS gene is a regulatory gene essential for the expression of a variety of 
stationary phase induced genes in E. coli. It is also proved to be associated with multi-
stress resistance. Hengge-Aronis et al. (1993) concluded that genes within the rpoS 
regulon can respond to osmotic pressure: rpoS controlled genes can be induced in 
growing cells with the upshift of osmotic pressure via an rpoS dependent mechanism. 
Moreover, rpoS-dependent multi-stress resistance can be osmotically stimulated. 
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Cheville et al. (1996) created a rpoS mutant of E. coli O157:H7, the mutant expressed 
significant lower tolerance to acid, heat and salt. Furthermore, the mutant did not 
express acid tolerance after starvation in phosphate buffer, suggesting that rpoS 
regulated proteins are responsible for starvation induced acid tolerance. The rpoS 
mutant strain also survived poorly in dry, fermented sausage (1.2% salt, 26.8% fat, pH 
4.6-4.8): the population was 2.3 log lower after 21 days incubation at 4°C compared to 
the wild type.  
Fatty acid analysis 
Fatty acid compositional analysis can be used for identification and classification 
of microorganisms. Gas-liquid chromatography made this analysis possible and it is 
widely used in clinical microbiology. Fatty acids are extracted from a microorganism and 
are converted to methyl esters before chromatography analysis. A 4-step fatty acid 
sample preparation method is commonly used. A 24 or 48-h culture is first harvested 
and saponified in a sodium hydroxide-methanol solution for 30 minutes at 100 °C. The 
saponification is used to create fatty acid salts that are soluble in water. The second step 
is a methylation step with HCl and methanol at 80°C for 10 minutes. The fatty acid 
methyl esters are then extracted using hexane and methyl tertiary-butyl ether. The fatty 
acids will stay in the organic phase and are washed with NaOH (Lambert and Moss 1983; 
Moss 1981; Welch 1991). The prepared samples are then injected in columns of gas 
chromatography equipped with a flame ionization detector. The fatty acids are 
separated based on their retention time differences with increased temperature. The 
processing temperature usually ranges from 170 to 270°C. The flame ionization detector 
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will detect a signal when the compound reaches the end of the column and the signal 
will be recorded as a peak by integrator. The chain length is calculated based on the 
retention time of known fatty acids and the peak area can be used to estimate the 
relative amount of each fatty acid (Welch 1991).  
Control methods of Salmonella in low moisture foods 
The reduced effectiveness of heat treatment when aw is reduced calls for the 
application of non-thermal inactivation methods. A few non-thermal physical 
inactivation treatments against Salmonella in low aw foods have been studied. D value 
for Low-energy X-ray irradiation against Salmonella was reported 0.226-0.431 kGy for 
almond surface and 0.474-0.930 kGy for walnut surface, the aw of the inoculated nuts 
were manipulated to target aw (0.23, 0.45, 0.64 and 0.84) using saturated salt solution 
and the inactivation efficacy did not change monotonically with aw. Compare to non-
irradiated nuts, treated nuts with an X-ray dosage sufficient for 5 log reduction of 
Salmonella, there was no perceived sensory difference in almonds and while changes in 
flavor can be perceived for irradiated walnuts (Jeong et al. 2012). A 5 log and 4.19 log 
reduction was achieved for S. Tennessee and S. Typhimurium, respectively, in peanut 
butter using electron beam at an approximate dose of 3 kGy (Hvizdzak et al. 2010). 
During a 14-d storage of inoculated peanut butter after electron beam treatment, a 
higher reduction rate was observed with the samples that underwent a higher electron 
beam dosage while there were no significant changes in Salmonella populations for the 
untreated samples. After Electron beam treatment at 3 kGy, the population of 
Salmonella was reduced from 8.25 log to 3.36 log and further decreased until it was 
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undetectable on day 14,  while over 3 log were recovered after 1 kGy treatment on day 
14 (Matak et al. 2010).  When high hydrostatic pressure was applied for inoculated 
peanut butter, a less than 2 log reduction of 6-strain Salmonella cocktail was reported 
after 18 minutes 600 MPa treatment while in 0.1% peptone buffer, the population 
reduced from 9 log to below detection limit (100 CFU/g) at the same treatment level. 
Moreover, the increased cycles of pressure treatment (400 to 600 MPa, 3-10 pressure 
cycles with 6 minutes of each cycle) did not significantly increase the inactivation 
effectiveness (D’Souza et al. 2012).  
Hot oil treatment has also been tested for its inactivation effectiveness against 
Salmonella on nuts. Du et al. (2010) exposed inoculated almonds to oil at 116-127°C and 
achieved 2.9-3.6 log CFU/g reduction after 30 s. The inactivation occurred in a much 
slower rate afterwards. Moreover, Salmonella (5 log inoculum) cannot be recovered by 
enrichment after exposed to oil at 127°C for 1.5 minutes. They also concluded standard 
industry oil roasting parameters (138-149°C for 3-15 minutes) could achieve more than 
5 log reduction of Salmonella. For pecans, 127°C for 1.5 minutes in peanut oil reduced 
the number of 5-serotype cocktail of Salmonella by 5 log CFU/g on pecan pieces, and 2 
minutes at 138°C reached the same level of inactivation on pecan halves (Beuchat and 
Mann 2011). These authors also reported over 7 log reduction on pecan pieces when 
dry roasted at 160°C for 15 minutes.  
Lauric arginate 
Lauric arginate (Nα-lauroyl-L-arginine ethyl ester monohydrochloride, LAE) is an 
amino-acid-based cationic surfactant. It is a produced synthetically with lauric acid and 
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L-arginine, and ethanol is added to form an ethyl ester (Hawkins, et al. 2009). In vivo 
studies show that LAE has very low toxicity. When consumed, it can hydrolyze rapidly to 
lauric acid and L-arginine, two natural food grade compounds. Then L-arginine will be 
incorporated into endogenous products and degraded to carbon dioxide (Ruckman et al. 
2004; Hawkins et al. 2009). In United States, LAE has a GRAS (generally recognized as 
safe) status and can be used up to 225 mg/kg in certain foods (FDA, 2005).  
The antimicrobial activity of LAE has been studied and shown effective against a 
variety of microorganisms. Becerril et al. (2013) reported the minimum inhibitory 
concentration (MIC) of LAE against Escherichia coli, Listeria innocua, S. enterica was 25 
mg/L and 12.5 mg/L for Staphylococcus aureus, determined by a broth microdilution 
method. For Pseudomonas aeruginosa, however, the MIC was 100 mg/L. They also 
concluded the antimicrobial activity of LAE was independent of inoculum size and 
minimally affected by heat treatment. Lingbeck et al. (2014) determined the 
temperature (4, 10 and 37 °C) effect of LAE against Listeria and Salmonella. They 
reported a higher MIC was required for higher incubation temperature for both 
bacteria.  In a food system, the effectiveness of LAE greatly reduced. Soni et al. (2010) 
reported 4 log reduction of L. monocytogenes in tryptic soy broth within 30 minutes at 
4°C. However, 800 ppm and 24 h were needed to achieve the same level of inactivation 
in whole milk or skim milk. They also reported 1.2 and 3.0 log reduction of L. 
monocytogenes on vacuum-packaged queso fresco within 24 h at 4°C with 200 and 800 
ppm LAE respectively. Moreover, sensory evaluation tests revealed that consumers 
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could not detect a difference between queso freso samples with or without 200 ppm 
LAE.  
LAE has a low oil-water equilibrium partition coefficient (Kow<0.1). It means that 
LAE tends to concentrate in the water phase of the system where most of the bacteria 
gathered (Bakal and Diaz 2005). Rodríguez et al. (2004) evaluated the effect of LAE on 
cell envelopes of S. Typhimurium and S. aureus using transmission electron microscopy 
and fluorescence microscopy when MIC of each was applied. They observed alteration 
of cell membrane, mainly in outer membrane of S. Typhimurium but no significant 
change in the cytoplasm. For S. aureus, significant changes (clear zones, abnormal 
septation and mesosome-like structures) were found in the cytoplasm. They concluded 
the structure of the bacterial cells affected the action of LAE. In Gram-negative cells, 
both cytoplasm membrane and outer membrane were altered while in Gram-positive 
cells, alteration occurred in the cell membrane and in cytoplasm. For both types of 
bacteria, cells remained intact. LAE also induced intracellular potassium leakage. When 
S. Typhimurium and S. aureus were exposed to LAE at the corresponding MIC (32 μg/ml 
and 8 μg/ml), a major effect was found in S. aureus with 2.5 times higher amount of 
potassium ions released compared to S. Typhimurium.  
LAE can interact with various food components. Since it is a cationic surfactant, it 
can react with anionic or hydrophobic groups of other molecules. The interaction with 
other compounds may alter its solubility in aqueous solution and further change the 
appearance and stability of final products (Asker et al. 2009). Moreover, the reduced 
antimicrobial effectiveness could be attributed to its interaction with food components 
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as well. Various food grade biopolymers were evaluated for their interaction with LAE 
using isothermal titration calorimetry and turbidity measurements. No complex was 
formed between Chitosan (cationic) or dextran (neutral) and LAE. The critical micelle 
concentration of the surfactant was reduced in the presence of cationic polysaccharides 
because of excluded volume effects. Anionic polymers (pectin, alginate, carrageenan 
and xanthan) were found to strongly bind to LAE. The degree of binding and the 
solubility of the complex differed by polysaccharide type and concentration (Bonnaud et 
al. 2010). Asker et al. (2009) concluded that electrostatic attraction was the mechanism 
for binding of LAE and pectin. They also reported the size of the LAE-pectin increased 
when the concentrations of the surfactant increased with high turbidity and rapid 
sedimentation observed. LAE can also bind to the anionic biopolymers presented within 
the mouth such as mucins, which can result in perceived bitterness or astringency 
(Bonnaud et al. 2010). 
Essential oils  
Essential oils are a group of volatile liquids with strong aromatic characteristics. 
These compounds have very low solubility in water but are soluble in hydrophobic 
substances and organic solvents. They are obtained from plant materials such as 
flowers, leaves, buds, roots, wood and bark by fermentation, expression under pressure, 
enfleurage, or distillation. Among these extraction methods, steam distillation is mostly 
commonly used for commercial production (Van de Braak and Leijten 1999). There are 
approximately 3000 essential oils identified and about 300 of them are commercially 
important majorly for flavor and fragrance market (Bakkali et al. 2008). In the food 
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industry, essential oils can be either extracted from plant material or synthetically 
produced (Oosterhaven et al. 1995). Citrus-peel essential oils, which include orange, 
lemon, tangerine and grapefruit oils, are some of the most commonly used flavoring 
agent (Schwab et al., 2008). The concentrations of essential oils used in foods are 
normally low. For example, in beverages, the concentration is generally below 0.1% 
(Taylor 2005). Essential oils have also been long used in pharmaceutical areas for their 
therapeutic functions. In United States, herbal products containing essential oils are 
classified as dietary supplements. Different regulations associated with products 
containing essential oils for pharmaceutical use are found in other counties (Forte and 
Raman 2000).   
The compositions of various essential oils have been studied using gas 
chromatography and mass spectrometry of essential oil or its head space (Salzer 1977; 
Wilkins and Madsen 1991). Essential oils normally composed of many individual 
components with a few being the major components at high concentrations (20-70%) 
while others were in trace amounts. For example, the major components of clove, 
cinnamon, oregano are eugenol, trans-cinnamaldehyde and carvacrol respectively. The 
biological properties of the essential oils are usually determined by their major 
components (Bakkali et al. 2008).  
The biological activities of essential oils and their components have been 
intensively studied. Other than flavoring and fragrance characteristics, properties 
including antimicrobial, insecticidal, antioxidant, anti-inflammatory, anticancer and 
other immunomodulatory activities also been reported. Currently in food industries, 
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with increased attention towards food safety and consumers’ demands for 
natural/green food or food additives, usage of essential oil components as natural 
antimicrobials or insecticides is of great public interest. Generally speaking, the high 
hydrophobicity of essential oils allowed them to better penetrate bacterial cells 
resulting in loss of cellular components (ATP, ions etc.), and damage to the cell 
membrane can result in cell lysis (Böhme et al. 2014). 
Carvacrol, a phenolic compound, is the major component of thyme (45%) and 
oregano oil (60-74%) (Arrebola et al. 1994; Lagouri et al. 1993). Trans-cinnamalhyde is 
the major component of cinnamon bark oil. Both compounds have GRAS status as 
flavoring substances (21 Code of Federal Regulation (CFR) 172.515; 21 CFR 182.60). The 
antimicrobial activity of carvacrol and cinnalmaldehyde against a variety of bacteria has 
been reported in laboratory models and in foods. In Mueller Hinton broth, 200 mg/L 
cinnamaldehyde or 400 mg/L carvacrol were able to reduce S. Typhimurium by 3.27 and 
2.89 log after 24 h incubation at 37 °C. Moreover, a synergistic effect was observed 
when combined (Zhou et al. 2007). Ravishankar et al. (2010) reported complete 
inactivation of antibiotic-resistant S. enterica in phosphate buffered saline with 
carvacrol or cinnamaldehyde at above 0.3%. Immersing of inoculated celery in 1% 
carvacrol reduced the population from 4.9 log CFU/g to less than 1 log CFU/g on day 1 
while only a 2.3 log reduction was observed with 1% cinnamaldehyde after 3 days 
storage at 4°C. In oysters, 1% of both antimicrobials achieved 5 log reduction on day 3. 
50 and 20 mM carvacrol decreased S. Enteritidis and Camplylobacter jejuni from 7.2 or 
4.5 log CFU/ml to less than 1 log CFU/ml immediately after inoculation in chicken ceca 
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contents. At least 10 mM trans-cinnamaldehyde reduced C. jejuni to less than 1 log 
CFU/ml and at 25 mM, S. Enteritidis was reduced to an undetectable level after 
enrichment after 8 hours incubation at 40°C. These two compounds were both more 
effective than thymol (Johny et al. 2010). For Gram-positive bacteria, Ultee et al. (1999) 
reported bactericidal effect of carvacrol against Bacillus cereus at concentrations above 
1 mM at 20 °C. They also found exposing to carvacrol can significantly deplete the 
intracellular ATP pool and increase the permeability of the cytoplasmic membrane to 
protons and potassium ions.  Carvacrol also caused an increase of membrane fluidity of 
B. cereus. When present at non-lethal concentrations in growth media, the cells lowered 
their membrane fluidity by changing their fatty acid and head-group composition (Ultee 
et al., 2000).  
Gram-negative bacteria have an outer membrane consisted of 
lipopolysaccharide. Abundant porin proteins can assist small hydrophilic solutes to pass 
the outer membrane. However, Gram-negative bacteria are relatively resistant to 
hydrophobic antimicrobials since the outer membrane serves as a barrier for 
penetration of macromolecules and hydrophobic compounds (Nikaido and Vaara 1985). 
Helander et al. (1998) suggested bypassing the outer membrane is necessary for any 
compound to exhibit antimicrobial activities towards Gram-negative bacteria. They 
evaluated the effects of several essential oil components on the cell surface and 
reported carvacrol and thymol have outer membrane disintegrating properties. They 
increased the permeability of the cytoplasmic membrane to ATP in E. coli. trans-
Cinnamaldehyde, on the other hand, neither disintegrated the outer membrane nor 
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depleted intracellular ATP. Structural difference could be one reason for the difference 
in mechanism. The membrane disturbing activities of phenols have been known and 
utilized for lipopolysaccharide extraction from bacteria (Helander 1985; Keweloh et al. 
1990). Cinnamaldehyde inactivated E. aerogenes by inhibition of amino acid 
decarboxylase (Wendakoon and Sakaguchi 1995).  
The combination within essential oils and their components or between essential 
oil components and other food preservatives have also been tested. If the combination 
can achieve better inactivation while decreasing the dosage of each compound in the 
product, this would have great application potential since essential oils and their 
components have strong aromatic characteristics. Synergism is defined as the 
antimicrobial effect was superior than the sum of single effect; when combined, if the 
activity is equal to the sum of individual effects, it is additive effect; antagonism is the 
combined effect is worse than used alone (Davidson and Parish, 1989). A synergistic 
effect against S. Typhimurium in broth was observed when cinnamaldehyde was 
combined with thymol or carvacrol (Zhou et al. 2007). Carvacrol and thymol, the two 
major components of oregano essential oil, when combined, provided an additive effect 
against S. aureus and P. aeruginosa (Lambert et al. 2001). Ma et al. (2013) observed a 
synergistic effect against L. monocytogenes in broth or 2 % reduced fat milk using the 
combination of LAE and cinnamon leaf oil or eugenol and an additive activity when LAE 
was combined with thymol. For E. coli O157:H7 and S. Enteritidis, an antagonistic effect 
was found for all combinations tested.  
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It was found that a greater concentration of essential oils was needed when used 
in food system to achieve the similar effects as in laboratory media. It was suggested the 
availability of nutrients in foods might enable the bacteria to repair damaged cells faster 
(Gill et al. 2002). The intrinsic (e.g., fat content, pH, aw) and extrinsic (e.g., storage 
temperature, packaging methods) factors can both influence bacterial sensitivity. At 
lower pH, the thymol is more hydrophobic and can dissolve better in the lipid phase of 
bacterial membrane and bind better to hydrophobic regions of membrane proteins 
(Juven et al., 1994). The antimicrobial effect of thymol or thyme oil was significantly 
higher under anaerobic conditions than aerobic conditions while the viable population 
of S. Typhimurium was not different in the absence of thymol or thyme oil (Juven et al. 
1994). Cava et al. (2007) reported clove and cinnamon essential oils were more effective 
against L. monocytogenes at 7°C than 35°C; they proposed that the increased fluidity at 
of the membrane at lower temperature due to a higher degree of unsaturation of could 
enhance the essential oils to dissolve, thus providing better inactivation effects.  
High fat and/or protein in foods can protect the bacteria from action of essential 
oils.  The high fat content can dissolve the essential oils and make it unavailable to reach 
the bacteria in the aqueous phase or form a protective coating around bacterial cells to 
prevent contact with essential oils (Mejlholm and Dalgaard 2002). Cava et al. (2007) 
compared the antimicrobial activities of essential oils in whole and skimmed milk and 
reported significant decrease of anti-listerial activity of essential oils of cinnamon bark, 
cinnamon leaf and clove with the increase of fat content.  It was also suggested high aw 
in foods can facilitate he transportation of essential oils to the target site of bacterial 
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cells (Smith-Palmer et al. 2001, Cava et al. 2007). Protein was suggested to negatively 
affect the antimicrobial activity of carvacrol against B.cereus in milk (Pol et al. 2001) and 
clove oil on S. Enteritidis in diluted low fat cheese (Smith-Palmer et al. 2001). 
Carbohydrates in foods did not have as much effect on the antimicrobial activities of 
essential oils as proteins and fats (Shelef et al. 1984).  
The antimicrobial effects of essential oils and their components in low moisture 
foods have not been systematically evaluated and there is limited research data in this 
area. Kotzekidou et al. (2008) evaluated 22 plant extracts and essential oils against 6 
bacteria in laboratory media using disc diffusion method and the more effective ones 
were chosen for their effectiveness in chocolate under dry (aw of the product: 0.34 or 
0.45) or humid (aw of the product: 0.882) environment condition over 216 h. Lemon 
flavor was the most effective compound, in chocolate samples with aw 0.34, a 
concentration at 0.1ml/100 g inhibited E. coli O157:H7 by about 1.8 log CFU/g and after 
9 days storage at 20 °C, a 3.3 log reduction was observed. Higher storage temperature 
(20 °C) showed better inactivation effect than lower temperature (7 °C). Strawberry 
extract inhibit the growth of L. monocytogenes with no more than 1.5 log reduction and 
lemongrass essences was not effective against S. aureus.  
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Abstract 
The purpose of this study was to investigate the difference in expression of fatty 
acid biosynthesis genes and survival of different serotypes of Salmonella when 
incubated in a low water activity (aw) food over a 14-d period. Stationary cells of five 
strains of Salmonella enterica belonging to 3 different serovars (Typhimurium ATCC 
2486, Enteritidis H4267, Tennessee ARI-33, Tennessee S13952 and Tennessee K4643) 
were inoculated into granular sugar (aW=0.50) and held aerobically over a 14-d period at 
25°C. Survival was determined by enumerating colonies on TSA and XLT-4 plates at 0, 1, 
3, 5, 7, and 14 d. Correspondingly, gene expression was evaluated for 3 selected genes 
involved in fatty acid biosynthesis and modification (fabA, fabD, and cfa).  After 14 d of 
incubation, the population was reduced 2.29 to 3.36 log for all five strains.  S. Tennessee 
ARI-33 and S. Tennessee K4643 displayed greater survival than S. Typhimurium and S. 
Enteritidis. Increased expression of the cfa gene (cyclopropane fatty acid biosynthesis) 
over 14 days was found associated with strains with a lower survival rate. The fabA gene 
(unsaturated fatty acid biosynthesis) was observed up-regulated for all strains for at 
least one sampling time and all time points tested for S. Tennessee ARI-33 for all time 
points tested, suggesting its potential role in enhancing Salmonella survival in low aw 
foods.  
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Introduction 
In recent years, there has been an increase in the number of outbreaks of salmonellosis 
associated with low water activity (aW) foods, including peanut butter, chocolate, and 
infant formula (Rowe et al. 1987; Hockin et al. 1989; CDC 1993; CDC 2007). Most low aW 
foods have a relatively long shelf life.  Besides that, given that many of these foods are 
ready to consume, there is an inherent increase in the risk of Salmonella infection upon 
food consumption if the foods are contaminated during production. Populations of 
Salmonella in outbreak-associated foods are often very low, which indicates that low 
numbers of Salmonella in foods can cause illness. For instance, in a dried milk product 
outbreak in 1985, the population of Salm. Ealing was found to be as low as 1.6 CFU/450 
g (Rowe et al. 1987).  
 The ability of Salmonella to survive for prolonged periods in adverse 
environments gives rise to the question of what adaptive mechanisms Salmonella 
serovars are utilizing in low aW foods.  It is known that when bacterial cells experience a 
sudden change of osmotic pressure, osmoregulation is triggered to maintain turgor 
pressure. Accumulation of compatible solutes in the cytoplasm is a universal response 
to temporary loss of turgor pressure (reduction of environmental aW) (Gutierrez et al. 
1995).  Osmotic stress can also induce changes in cell membrane composition, especially 
fatty acid composition and phospholipids.  For example, microorganisms grown at 
higher salt concentration have a higher level of negatively charged membrane 
phospholipids (Kogut and Russell 1984). Moreover, membrane fatty acid modifications 
of Salmonella have been associated with environmental stress such as antimicrobial 
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exposure and acid adaptation (Di Pasqua et al. 2006; Álvarez-Ordóñez et al. 2008; 
Dubois-Brissonnet et al. 2011).  
Bacterial fatty acid biosynthesis involves a series of enzymatic reactions. 
Malonyl-coA:ACP transacylase (encoded by fabD) is involved in fatty acid biosynthesis 
initiation by catalyzing the conversion of malonyl-CoA to malonyl-ACP (Magnuson et al. 
1993). In Escherichia coli, the fabD gene was found part of the fab cluster in the genome 
as a set in the order of fabH-fabD-fabG-acpP-fabF (Oh and Larson 1992; Rawlings and 
Cronan Jr 1992), and similar fab gene clusters have been found in many other bacteria 
(Summers et al. 1995; Morbidoni et al. 1996; Shen and Byers 1996). During fatty aicd 
biosynthesis elongation, β-hydroxydecanoyl ACP dehydrase (encoded by fabA) 
introduces the double bond to the growing fatty acid chain and derives unsaturated 
fatty acid synthesis from saturated fatty acid synthesis (Magnuson et al. 1993). The fabA 
gene has two promoters, with experimental data showing binding of FadR, a 
transcriptional activator, to at least one of the promoters (Fujita et al. 2007). 
Cyclopropane fatty acid (CFA) formation occurs due to a post-synthesis modification.  It 
is carried out by addition of a methylene group from S-adenosyl-L-methionine to a 
double bond of unsaturated fatty acids with CFA synthase (encoded by cfa) (Grogan and 
Cronan, Jr. 1997). This membrane fatty acid modification often occurs in late 
exponential or early stationary phase of bacterial growth and is suggested to adapt the 
cell for an adverse condition (Grogan and Cronan Jr 1997).  Sigma factor σs coded by the 
rpoS is a major factor for induction of cfa (Wang and Cronan Jr 1994). The fabA, fabD 
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and cfa genes are located in different operons within the Salmonella genome (Keseler et 
al. 2013).  
Currently, there is little information regarding the response of genes involved in 
fatty acid biosynthesis when Salmonella is adaptating to low aW environments. The 
objective of this study was to investigate the survival characteristics and changes in 
gene expression profiles of 3 of the genes involved in membrane fatty acid biosynthesis 
(fabA, fabD and cfa) of five serovars of Salmonella exposed to a low water activity food 
(sugar) over a 14-day period. 
 
Materials and Methods 
Bacterial strains. Five strains of Salmonella enterica were used in this study: S. 
Typhimurium ATCC 2486 and S. Enteritidis H4267 (egg outbreak strain) were from the 
Department of Food Science and Technology culture collection at the University of 
Tennessee; S. Tennessee ARI-33, a poultry isolate obtained from The Department of 
Food Science at the University of Arkansas; S. Tennessee S13952, obtained from the 
Department of Food Science and Human Nutrition at Washington State University; and 
S. Tennessee K4643, a peanut butter outbreak strain obtained from the Center for Food 
Safety at the University of Georgia. All cultures were maintained as glycerol stocks at -
80°C before use.  
Cell collection. Each strain was cultured in tryptic soy broth (TSB, Difco, Becton 
Dickinson, Sparks, MD) for 24 h at 37°C and transferred three successive times. Cells 
were then harvested by centrifugation at 8000 x g for 12 min (Sorvall Legend 23 R, 
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Thermo Fisher, Asheville, NC). Cells pellets were resuspended in 20 ml of 0.1 mol l-1 
phosphate buffer (PB, Difco), and this procedure was repeated three times with the final 
cell pellet being suspended in 1 ml PB.  
Survival study. Fifteen μl of each culture resuspension was spot inoculated into 
0.5 g of granulated sugar (purchased from local supermarket, aw 0.5 and 0.8 before and 
after inoculation, respectively) in a 2-ml centrifuge tube. The inoculated sugar samples 
were vortexed for 1 minute and then incubated at 25°C. On day 0, 1, 3, 5, 7 and 14, 
samples were serially diluted in buffered peptone water (Difco) and surface plated (0.1 
ml) in duplicate on non-selective media (tryptic soy agar; TSA, Difco) and selective media 
xylose lysine tergitol-4 agar (XLT-4, Difco). After 24 h incubation at 37 °C, colonies were 
counted and log CFU g-1 were calculated. Extra samples for each culture had also been 
prepared for aW measurements. At each time point, the aW of samples was measured 
using a dew point water activity meter (4TEV, Aqua lab, Pullman, WA), 
The experiment was repeated three times with three samples collected at each 
sampling interval for each strain (n=9). Data were fitted to a completely randomized 
experiment design (CRD). Analysis of variance was conducted using SAS, version 9.3 (SAS 
Institute, Inc., Cary, NC, USA). Level of significance was set at p≤0.05.  
Gene expression study 
Sample preparation. Fifteen μl of each culture resuspension was spot inoculated 
into 0.5 g of sugar, six samples were analyzed for each culture (n=6).  Controls were 
prepared by inoculating 1 ml of each culture suspension into 9 ml of sterile deionized 
water containing 0.025% sugar (aW 0.99). All inoculated samples were incubated at 25°C.  
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RNA extraction. Total RNA of each strain from control samples was extracted 
after 1 h incubation, and total RNA of each strain from sugar samples was extracted 
after 1 h, 7 d and 14 d incubation. All extractions were conducted using the RNeasy Mini 
Kit (Qiagen, Valencia, CA) protocol with minor modification. Briefly, 1.2 ml of RNA 
protect bacteria reagent (Qiagen) was added to 0.5 g inoculated sugar sample or 0.6 ml 
control sample and incubated for 10 minutes. The mixture was then centrifuged for 10 
min at 8600 x g. The pellet was combined with 100 μl of 10 mg ml-1 lysozyme (Sigma 
Aldrich, MO) dissolved in in 1X Tris-EDTA buffer (TE, Promega; Madison, WI) and 
incubated for 15 min with frequent agitation. After further lysis with RLT buffer, the 
lysate was transferred to a QIAshredder column (Qiagen) and centrifuged for 2 minutes 
at 8600 x g. During extraction, on-column DNase digestion was performed with RNase-
free DNase set (Qiagen) following the manufacture’s protocol. 500 μl buffer RLT (3 
times) and 300 μl ethanol (200 proof, AAPER, Shelbyville, KY) were applied to the spin 
column after DNase digestion. Extracted RNA was resuspended in nuclease-free water 
(Fisher Scientific, Fair Ln, NJ) and stored at -80°C. A NanoDrop spectrophotometer 
(Nanodrop, Wilmington, DE) was then used to determine the quantity (A260) and quality 
(A260/A280; A260/A230) of the RNA extracts.  
Primer design. Three genes associated with membrane fatty acid biosynthesis 
were chosen as target genes in this study: fabA, encoding for β-Hydroxydecanoyl ACP 
dehydrase; fabD, encoding for Malonyl-CoA: ACP transacylase; and cfa, encoding for 
cyclopropane fatty acid synthase. Housekeeping genes ffh and recA were used as 
reference genes. The primer sequences for all five genes were designed using the 
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National Center for Biotechnology Information (NCBI) Primer BLAST tool and are shown 
in Table 3.  
Gene expression analysis. Real-Time Reverse-Transcriptase Polymerase Chain 
Reaction (qRT-PCR, iCycler IQ 5, BioRad) was performed to compare gene expression 
profiles using the SuperScript III Platinum SYBR® Green One-step qRT-PCR Kit (Invitrogen, 
Carlsbad, CA.) Each reaction mixture contained 3 μl RNA (63 ng μl-1), 7.7 μl Nuclease free 
water, 0.65 μl forward and reverse primers for the target gene (10 μmol l-1), 12.5 μl 2X 
SYBR Green Reaction Mix and 0.5 μl SuperScript III RT/Platinum Taq Mix. qRT-PCR 
procedures included reverse transcription at 50°C for 3 min, denaturation of reverse 
transcriptase at 95°C for 5 min, then 40 of PCR cycles [94°C for 15 s, 67.5°C for 30 s 
(optimized annealing temperature determined by gradient qRT-PCR) and 68°C for 1 
min]. All experiments were replicated three times will three samples analyzed per 
replication (n=9). All qRT-PCR products were verified by 2% agarose gel electrophoresis.  
Data analysis. The Relative Expression Software Tool (REST, Qiagen; 2009) was 
used to analyze gene expression using recA and ffh as reference genes. The software 
applied Pfaffl method for fold change calculation with the following equation (Pfaffl et 
al. 2002): 
Ratio =
Etarget
ΔCT target (control−sample)
Ereference
 ΔCTreference (control−sample)
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Results and Discussion 
Survival. The aW of inoculated samples changed from 0.81 to 0.84 (on average) 
after 14 days incubation. Samples from non-inoculated sugar showed no growth on TSA 
(data not shown). The culturable populations of all five strains of Salmonella gradually 
decreased over time after 14 days incubation in sugar at 25°C. There was a 2.29-3.36 
log-reduction from an initial population of about 7.5 log CFU g-1 for all five strains 
recovered on TSA (Table 1). The populations of all strains recovered from TSA were not 
significantly different on day 7 (p>0.05). However, on day 14, S. Tennessee ARI-33 and S. 
Tennessee K4643 had significantly higher survival rates than S. Typhimurium and S. 
Enteritidis (p<0.05). Uninjured cells were recovered using XLT-4 agar (Table 1, injured 
cells following exposure to low aW condition should not be able to grow on selective 
media). The sudden change of aW (inoculation into sugar) caused cell damage, especially 
for S. Enteritidis, which showed a 2.25 log lower population on XLT-4 than TSA on day 0.  
As incubation time increased, the population of uninjured cells decreased. There was a 
4.15-6.50 log-reduction over 14 days for all strains. On day 14, uninjured cells of S. 
Typhimurium, S. Enteritidis and S. Tennessee S13952 reached undetectable levels 
(detection limit was 10 CFU g-1), and S. Tennessee ARI-33 was again more resistant than 
the other strains with a lower injury rate (4.15 log reduction of uninjured cells).  
Mattick et al. (2000) found variable survival of Salmonella strains at low aW and 
implied the importance of selecting the right strain for research to simulate the worst 
case scenarios. The survival of Salmonella in other low aW foods or desiccated model 
systems has also been widely studied. Hiramatsu et al. (2005) reported that 14 out of 18 
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strains of Salmonella tested can survive drying at 35°C for 24 h in paper disk and the 
survivors showed increased heat resistance and better survival under low aw 
environment adjusted with sucrose. Low aW and presence of high fat could improve the 
survival of S. Tennessee 06-07 peanut butter outbreak isolate in simulated gastric fluid 
with low pH (Aviles et al. 2013).  
Gene expression. As shown in Table 2, fabA was up-regulated for all strains on 
day 7 (P<0.05), and it was also up-regulated for S. Tennessee ARI-33 at all sampling 
times.  The strains that had lower survival rates on day 14 (S. Typhimurium and S. 
Enteritidis) both had similar gene expression profiles on day 14 for the three genes 
studied: significant down-regulation of fabD, up-regulation of fabA and cfa. For The 
most resistant strains (S. Tennessee ARI-33 and S. Tennessee K4643) according to the 
survival study, the expression of fabD was not significantly changed while cfa was either 
down-regulated (K4643) or not differentially expressed (ARI-33) on day 14. Moreover, 
the three S. Tennessee serovars used in this study demonstrated differential gene 
expression profiles over time, showing the diversity of gene expression amongst closely 
related bacteria. 
For all Salmonella serovars tested, fabA was primarily up-regulated, implying a 
possible increase in unsaturated fatty acid biosynthesis when exposed to sugar, and 
thus, an increased level of unsaturated fatty acids. Increases in unsaturated fatty acids 
in the cell membrane tends to increase membrane fluidity (Ingram 1976). The increase 
in unsaturated fatty acid content was also found when Salmonella was grown in the 
presence of essential oil compounds (Di Pasqua et al. 2006; Dubois-Brissonnet et al. 
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2011). Results of this study show that cfa was significantly up-regulated for the strains 
with lowest survival (S. Typhimurium and S. Enteritidis) but not significantly up-
regulated for the hardier over 14 days. This suggests up-regulation of cfa might be 
antagonistic for survival in a low aW environment. Without a better understanding of the 
regulation of cfa in Salmonella, it is difficult to understand why certain serovars respond 
with increased expression of this gene and if this is linked in some way to decreased 
survival over time. The content of CFAs has been shown to increase for many 
microorganisms when grown in high salt concentrations. Mcgarrity and Armstrong 
(1975) reported that the amount of CFA increased when E. coli was grown in high salt 
concentration (0.6 mol l-1). Guillot et al. (2000) reported that when Lactococcus lactis 
was grown in media containing 0.3 mol l-1 NaCl, membrane fatty acid composition was 
significantly modified, with the level of CFA C19:0 increasing while the 
unsaturated/saturated ratio remained unchanged. The difference between the previous 
results and those determined in this study could be due to a different adaptation 
mechanism for growth in high osmotic pressure as compared to the survival mechanism 
at low aW. These previous studies (McGarrity and Armstrong 1975; Guillot et al. 2000) 
used media supplemented with sodium chloride that also contained sufficient nutrients 
to promote growth; in the present study, there were no other available nutrients in 
sugar samples for Salmonella to utilize.  
Deng et al. (2012) showed less than 5% of S. Enteritidis genome was transcribed 
when desiccated in peanut oil and genes encoding proteins for bacterial stress 
responses, especially to temperature change (sigma factor RpoE, GrpE and CspA) were 
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expressed over 528 h exposure. The timeline for osmotically induced genes such as pro 
and kdp operons in S. Typhimurium were determined less than 10 min after shock with 
0.3 mol l-1 NaCl,  pro were induced at 4-6 min, kdp was induced at 8-9 min (Balaji et al. 
2005).  
Our study provided information about changes of fatty acid associated genes in 
low aW environment and the results suggested increased expression of fabA was 
associated with increased survival of Salmonella over prolonged exposure to a low aW 
food, and increased expression of cfa was associated with decreased survival for the 
time period tested.  In order to gain a deeper understanding of the role of membrane 
fatty acids in assisting Salmonella survival in low aW foods, future research will focus on 
fatty acid composition to further elucidate the role that membrane modification may 
play in adaptation and ultimate survival in this adverse environment.  
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Appendix 
Table 1.1 Primers used in qRT-PCR for expression of fabA, fabD and cfa in five strains of  
Salmonella when exposed to sugar over 14 days at 25°C.  
 
 
 
 
 
 
 
 
 
Primer Sequence (5’-3’) Product size (bp) 
fabAF ACTCCCTGCGCCGAACATGC 253 
fabAR CACTTCGCCCACGCCCAGAG  
fabDF CACCCAGCAAGGTCCAGCGG 426 
fabDR TTCGCGCCAGCGGCTTTACA  
cfaF GCTGGTGGGAATGCGAGCGT 323 
cfaR CAGCACACGCATCCCCGGTT  
ffhF TGCTGGAGGCTGACGTTGCG 303 
ffhR CGTCGGCAGAGACGACCAGC  
recAF GCCGATGGGGCGTATCGTCG 256 
recAR AATGACGTCCACCGCGCCTG  
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Table 1.2. Survival for five strains of Salmonella in sugar at 25°C over 14 days, recovered 
on TSA and XLT-4 media.  
a A bacterial population recovered on TSA media in the same row that followed by the 
same uppercase letter are not significantly different (p>0.05) 
b A bacterial population recovered on XLT-4 media in the same row that followed by the 
same lowercase letters are not significantly different (p>0.05) 
c  ND: not detectable. The population is below detection limit (10 CFU g-1) 
 
 
 
 
 
Time 
(day
) 
Population (log CFU g-1) 
S. Typhimurium S. Enteritidis Salm. 
Tennessee ARI-
33 
S. Tennessee 
s13952 
S. Tennessee 
K4643 
 TSA XLT-4 TSA XLT-4 TSA XLT-4 TSA XLT-4 TSA XLT-4 
0 7.82Aa 6.50ab 7.42AB 5.17b 7.56AB 7.03a 7.33B 6.52a 7.65AB 6.96a 
1 7.33A 5.17bc 7.02A 4.62c 7.37A 6.43a 7.01A 5.86ab 7.42A 6.32a 
3 6.97A 4.61c 6.67A 3.81d 6.87A 5.83a 6.51A 5.03bc 6.92A 5.51ab 
5 6.42A 3.51b 6.34AB 2.96c 6.46A 4.77a 6.05B 4.05ab 6.43A 4.72a 
7 5.95A 2.29bc 5.62A 2.05c 6.26A 4.62a 5.51A 3.31bc 6.03A 4.08ab 
14 3.96B NDcc 3.87B NDc 5.08 A 2.88a 4.22AB NDc 4.81A 1.59b 
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Table 1.3. Changes of fabA, fabD and cfa mRNA levels of 5 Salmonella strains in sugar 
over 14 days of incubation at 25°C revealed by qRT-PCR compared with 1 h incubation in 
0.025% sugar water (control). 
a genes were differentially regulated (p≤0.05) 
 
  
 
 
 
 
 
 
Gene Time Log 2 Fold Change 
S. 
Typhimurium 
S. Enteritidis S. 
Tennessee 
ARI-33 
S. 
Tennessee 
s13952 
S.Tennessee 
K4643 
fabA 1 h -0.27 0.28 1.22a 0.55 0.37 
fabD  1.03a 0.57 0.93 0.09 -0.51 
cfa  -0.29 0.29 -0.23 -0.54a -6.64a 
fabA 7d 2.83a 1.11a 1.41a 1.60a 1.43a 
fabD  2.34 0.41 1.09 0.73 0.89 
cfa  2.53a 0.51 0.59a -1.10a -0.59 
fabA 14d 1.27a 0.98 1.26a 1.91a 0.68 
fabD  -0.95a -1.84a -0.70 -1.06a -0.24 
cfa  1.70a 1.06a 0.29 -0.30 -1.64a 
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Chapter III. Potential Relationship of Membrane Fatty 
Acid Modification of Salmonella on Survival in A Low 
Water Activity Model 
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Abstract 
The lack of information regarding Salmonella long-term survival mechanisms in low 
water activity (aw) foods raising challenges for minimizing or eliminating the 
microorganism in such products. The objective was to determine the fatty acid 
composition modification of S. Tennessee when the aw reduced to 0.6 and if there is a 
relationship between survival and fatty acid (FA) modification (as altered by 
exogenously supplied fatty acids) of S. Tennessee at different aw (1.0-0.6). Glycerol 
solutions (aw 1.0-0.6) were inoculated with S. Tennessee K4643 and incubated at 25°C. 
Total FA composition of parent strains on day 1 and 14 was determined by gas 
chromatography (GC). S. Tennessee FA composition was modified by culturing in tryptic 
soy broth supplemented with 50 μg/ml oleic (C18:1) or linoleic acid (C18:2) and/or by 
incubating in peanut oil for 24 h. Modified S. Tennessee cells were then inoculated in 
various water activity glycerol solutions and incubated at 25°C. Samples were taken over 
14 days and plated on tryptic soy agar. The FA composition of the parent S. Tennessee 
cells did not differ (P>0.05) at different aw and no change was found over time. 
Exogenous oleic and linoleic acids were both incorporated into S. Tennessee with a 
concomitant decrease of cyclopropane fatty acid (CFA, C17:0). The incorporation slightly 
enhanced the survival at aw 0.8 on day 10 but the enhancement was not found after 14 
days. In peanut oil, there was a 2% increase of CFA (C17:0) and 4% decrease of oleic 
acid. Cells suspended in peanut oil were more resistant than parent cells at aw ≤0.8 on 
day 10, better survival for aw 0.6 was also extended to day 14 (1.69 log vs. 
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undetectable), suggesting mechanisms other than unsaturated fatty acid incorporation 
could be triggered for survival enhancement in peanut oil.  
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Introduction 
Numerous outbreaks and food recalls of low moisture foods have been linked to 
Salmonella contamination (CDC 1993; CDC 2004; CDC 2007; CDC 2008). The growth of 
Salmonella was inhibited in growth media at aw below 0.94 and in foods with aw values 
less than 0.93 (Christian and Scott 1953). However, long term survival of Salmonella in 
low aw foods has been well documented. For example, Salmonella was able to survive 
up to 32 weeks at -18, -7, 5 and 21°C (commercial pecan processing and storage 
temperature) on pecan halves with higher survival observed at lower temperature 
(Beuchat and Heaton 1975). Moreover, increased resistance to other environmental 
stresses such as heat has also been reported when Salmonella was adapted to low aw 
(Shachar and Yaron 2006; Ma et al. 2009). However, the mechanism for its survival 
behavior in low moisture foods has not been well established.  
The Cell membrane consisting of a phospholipid bilayer with embedded proteins 
is an interface between cellular cytoplasm and environment. Bacteria can also alter their 
membrane composition such as fatty acids and phospholipid profiles in response to the 
environmental stresses, including osmotic stress. For example, it was suggested the 
synthesis of phosphatidylglycerol was osmotically induced (Altendorf et al. 2009). When 
grown in media supplemented with 0.3 M NaCl, an increase of cyclopropane fatty acid 
(CFA, C19:0 cyclo) in Lactococcus lactis was observed while the ratio of 
unsaturated/saturated fatty acid remained unchanged (Guillot et al. 2000). Similarly, an 
increase of CFA and reduction in unsaturated fatty acids in Escherichia. coli were 
observed when the amount of NaCl in growth media was increased from 0 to 0.6 M 
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(McGarrity and Armstrong 1975).  Membrane fatty acid modification was also found in 
Salmonella when experiencing acid shock (Kim et al. 2005) or exposed to plant derived 
terpenes (Dubois-Brissonnet et al. 2011).  
Bacteria can not only synthesize fatty acids through fatty acid synthesis pathway, 
but also transport and utilize exogenous fatty acids of various chain lengths (Clark and 
Cronan Jr 1996). After entry the cell, fatty acids can either be catabolized or directly 
incorporated into cell lipids (Nunn 1986, Fujita et al. 2007). It is also shown the 
incorporation of exogenous fatty acid can influence microbial resistance to 
environmental stresses such as antimicrobials.  
Peanut and peanut products have high oil contents and are frequently reported 
with Salmonella contamination (CDC 2007, 2008). Jamieson et al. (1921) evaluated the 
chemical composition of peanut oil and reported the glycerides of oleic acid (18:1) and 
linoleic acid (18:2) were the predominant components (the sum over 75%). The 
glycerides of palmitic acid, stearic acid, arachidic acid and lignoceric acid were also 
found in peanut oil but in much smaller amounts.  
In an earlier study, we evaluated the expression of genes involved in fatty acid 
synthesis when Salmonella was exposed to a low water activity food (sugar) and 
observed upregulation with fabA (gene associated with unsaturated fatty acid synthesis) 
and down regulation of cfa (cyclopropane fatty acid synthase) for the strains that have 
better survival rate (Chen et al. 2014). The first objective of this study is to evaluate the 
modification of fatty acid composition of S. Tennessee in glycerol solutions at different 
aw (1.0-0.6) over time. The second objective is to determine if there is a relationship 
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between survival at different aw (1.0-0.6) and fatty acid (FA) modification (as altered by 
exogenously supplied fatty acids) of S. Tennessee).  
Materials and Methods 
Bacterial strain. S. Tennessee K4643, a peanut butter outbreak strain obtained 
from the Center for Food Safety at the University of Georgia. The bacterial strain was 
cultured in tryptic soy broth (TSB, Difco, Becton Dickinson, Sparks, MD) for 24 h at 37°C 
and transferred three successive times before treatments.  
Model preparation. Sterile glycerol (Lab Grade, Fisher Science Education, 
Nazareth, PA) was mixed with sterile deionized (DI) water to different concentrations in 
order to achieve aw 1.0 (1%), 0.9 (30%), 0.8 (47%) and 0.7 (57%) and 0.6 (67%). 
Low aw challenge. Cells were harvested by centrifugation at 8000 x g for 12 min 
(Sorvall Legend 23 R, Thermo Fisher, Asheville, NC) after three successive transfers. Cells 
pellets were resuspended in 20 ml of 0.1 mol/l phosphate buffer (PB, Difco), and this 
procedure was repeated three times. The final pellet was rehydrated in 20 ml of glycerol 
solutions of each aw or peanut oil (Golden Choice, Sunflower Vegetable Oil Inc., Lenexa, 
KS) and stored at 25°C. After 24 h or 14 days of incubation, cells were harvested by 
centrifugation at 8000 x g for 20 minutes. For peanut oil samples, the pellet was 
resuspended in 20 ml 47% glycerol solution with 0.2% tween 80 (Fisher, Fair Lawn, NJ) 
to reduce the effect of sudden change aw and eliminate the residual peanut oil. The final 
pellets were then used for fatty acid analysis.  
Fatty acid analysis. Gas Chromatography Fatty acid methyl ester (GC-FAME) 
analysis of cells stored in glycerol solutions was performed by Microbial ID, Inc. 
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(Newark, DE) to determine the membrane fatty acid content. The fatty acids were first 
extracted in 4 steps. Briefly, cells were first saponified with a NaOH and methanol 
mixture, followed by methylation and extraction with hexane and methyl tert-butyl 
ether. The finished samples were then analyzed using gas chromatograph with a flame 
ionization detector. The experiment was performed twice. The fatty acid composition of 
peanut oil was also determined.  
Fatty acids incorporation. Stocks of oleic acid (99%, Acros Organics, Geel, 
Belgium) or linoleic acid (97%, Acros Organics) were first made in 95% ethanol. Then 10 
μl of 24-h culture was inoculated in TSB with 50 μg/ml oleic or linoleic acid. Culture 
inoculated in TSB with 1% ethanol was used as control. After 24 h incubation at 37 °C, 
cells were harvested using the centrifugation procedure discussed above. The 
resuspension buffer was PB with 0.2 % tween 80 to dissolve and eliminate the residual 
fatty acids. Membrane fatty acid composition of final pellet after each treatment was 
analyzed using the method discussed above.  
Survival study. Final pellet after oil or fatty acids treatments was suspended in 
20 ml glycerol solutions with aw (1-0.6) and stored at 25°C. One ml of each sample was 
taken on day 0, 1, 3, 5, 7, and 14, serially diluted in 0.1% peptone water and spread 
plated in duplicate on tryptic soy agar (TSA, Difco, Becton Dickinson, Sparks, MD). The 
plates were incubated for 24 h at 37°C. Then the colonies were counted and the log 
CFU/ml was calculated. The experiments were repeated 3 times. Water activity of each 
sample was monitored using a dew point water activity meter (4TE, Aqua lab, Pullman, 
WA).  
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Results and Discussion 
The fatty acids composition (%) of S. Tennessee in glycerol solutions was shown in Table 
1. At all aw, the most abundant fatty acid is C16:0 (over 33%) followed by C17:0 cyclo 9-
10 (about 20%). At each time point, the percentage of each fatty acid was not significant 
different (P>0.05) across the different aw. The results indicated subjecting S. Tennessee 
in glycerol solutions with different aw for 24 h did not change the fatty acid composition 
of the cell. When comparing Day 1 and Day 14 samples, the values were not significant 
different as well (P>0.05). It should be noted that on day 1, the population at each aw 
was not significantly different and the population on day 14 reached undetectable levels 
when aw reduced below 0.8 (data not shown). Thus, the cells used for day 14 fatty acid 
analysis for those aw were not viable cells at aw below 0.8.  
CFA is formed by adding a methylene group donated by S-adenosylmethionine to 
the double bone of the unsaturated fatty acid. It is a post-synthetic modification and 
typically occurs when bacteria growth enters early stationary phase (Grogan and 
Cronan, Jr. 1997). Increase of CFA level was found when NaCl was supplied in growth 
media for a number of bacteria (Guillot et al. 2000; McGarrity and Armstrong 1975). 
However, the results in this study do not suggest a direct correlation of CFA and reduced 
aw adaptation in glycerol solutions. One possible explanation could be our experimental 
use glycerol solution as low aw model with no nutrients available for growth while the 
microbiological media with increased amount of salt was used in other research.  
S. Tennessee did not consist of linoleic acid under normal growth condition, 
however, it is able to incorporate linoleic acid when supplied (Table 2).  When 50 μg/ml 
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linoleic acid was supplied, the cyclopropane fatty acid reduced from 17.19% to 13.19% 
(C17:0 cyclo 9-10) and from 13.18% to 9.66% (C19:0) and there was a 4.02% increase of 
C16:0. S. Tennessee naturally consist of vaccenic acid (18:1 cis 11), the exogenous oleic 
acid from growth media can be incorporated in the cell (an increase from 6.06% to 
14.89%) with a 1.87% decrease of vaccenic acid. Again, a decrease of CFAs from 17.19% 
to 11.92% (C17:0 cyclo) and from 13.18% to 9.69% (C19:0 cyclo 11-12) was observed 
when oleic acid was supplied. However, The content of C19:0 cyclo 11-12 increased 
from 0 to 4.1%.  C19:0 cyclo 11-12 is not a common fatty acid in S. Tennessee during 
normal growth condition (not found in control), it is possible part of the incorporated 
oleic acid modified to CFA. Oleic acid and linoleic acid covered over 85% of peanut oil 
(54.45% and 30.62% respectively). The third abundant fatty acid is palmitic acid (C16:0, 
10.02%). When S. Tennessee was submerged in peanut oil for 24 h at 25°C, it was not 
able to incorporate either oleic or linoleic acid (Table 2). Moreover, a decrease of oleic 
acid from 6.06% to 2.60% was observed when compared to control. For the 
cyclopropane fatty acids, a 2% increase was observed for C17:0 cyclo but a 3% decrease 
was observed for C19:0 cyclo 11-12. The cells used for analysis were viable cells (the 
population did not change after 24 h incubation in peanut oil). The UFA/SFA ratio was 
the lowest at aw 0.6, on both day 1 (16%) and day 14 (22%). For each aw, the UFA/SFA 
ratio increased over time.  
The survival of S. Tennessee in glycerol solutions after incorporating exogenous 
fatty acids or after survived in peanut oil was shown in Table 3.  Overall, the population 
gradually reduced to undetectable level on day 14 excepted peanut oil adapted cells at 
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aw 0.6. From day 0 to day 7, different treatments before subjected in glycerol solution 
did not significantly change the survival in glycerol solutions at each aw (P>0.05).  
On day 10, cells with incorporated fatty acids showed 1-1.5 log higher survival at aw 0.8 
(P<0.05). However, the enhancement was not observed on day 14 (the population all 
reached undetectable level). Peanut oil treated cells showed better survival at aw 0.8 
and 0.7 on day 10 and aw 0.6 on both day 10 and day 14 (P<0.05).  
Although S. Tennessee was able to incorporate oleic and linoleic acid from 
growth media, the modified fatty acid composition only slightly enhanced its survival in 
glycerol solutions at aw 0.8 on day 10, On the other hand, Salmonella can not utilize fatty 
acids from peanut oil, however, other mechanisms might be triggered to enhance its 
survival in glycerol solutions with aw ≤0.8, especially on day 10. Deng et al (2012) 
evaluated the gene expression of Salmonella Enteritidis in peanut oil using whole 
transcriptome sequencing. They reported only 1.36 -4.42% of the genome was actively 
transcribed in peanut oil at 216 h and 518 h. Furthermore, four genes that encode 
proteins involved in bacterial stress response to temperature shift were found 
transcribed.   
As seen in Table 2, with the incorporated oleic acid, the UFA/SFA ratio increased 
from 33% to 40%. While in peanut oil and supplemented linoleic acid, the UFA/SFA ratio 
reduced to 30%. The increased UFA concentration could be linked to increased 
membrane fluidity. However, the increased membrane fluidity failed to increase the 
survival ability under the experimental condition. The incorporation of exogenous 
unsaturated fatty acids failed to enhance environmental stresses resistance was 
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reported for other bacteria. For example, when grown with supplemented oleic acid, S. 
pneumoniae completely replaced endogenous fatty acids with the supplement and the 
resistance to platensimycin was greatly reduced, while the MIC(minimum inhibitory 
concentration) of platensimycin increased for Staphylococcus aureus grown with 
exogenous C15:0 and C17:0 (Parsons et al. 2011). Juneja and Davidson (1993) reported 
increased resistance to sodium chloride, methyl paraben and propyl paraben and 
tertiary butylhydroquinone of Listeria monocytogenes when 50 μg/ml fatty acid C14:0 or 
C18:0 was supplied in growth media while growth in the presence of C18:1 reduced the 
resistance to antimicrobials tested. Saito et al. (2014) observed better survival with 
antibiotic daptomycin when Enterococcus faecalis was grown in low level of oleic and 
linoleic acids. Furthermore, they suggested it is the specific fatty acid or combination of 
fatty acids rather than the degree of membrane saturation that was important for stress 
protection. 
This study provides the fatty acid composition of S. Tennessee at low aW 
conditions. No significant difference was observed when aW changed from 1.0 to 0.6 on 
day 1 or day 14. Salmonella was able to incorporate oleic and linoleic acid when 
supplied in growth media, but not from peanut oil. The incorporation of either fatty 
acids was not able to enhance its survival in glycerol solutions of aW 1.0-0.6 after 14 
days. The concentration of oleic acid was greatly reduced when Salmonella was 
challenged in peanut oil, however, survival of peanut oil treated cells in glycerol 
solutions at aW ≤0.8 was found at least one time point tested.  
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Appendix 
Table 2.1. Fatty acid composition of Salmonella Tennessee K4643 after 1 or 14 days incubation in glycerol solutions of different aw  
at 25°C.  
 
 
 
 
 
 
 
1 Percentage of total membrane fatty acids shown as average ± standard deviation of two replications.  
2 Others: sum of fatty acids that comprised <1% of total fatty acids individually. 
 
Day aw Percentage (%) of total fatty acids (avg ± SD)
1 
C12:0 
 C14:0 C14:0 
3OH 
C16:0 C17:0 cyc 
9-10 
C19:0 
cyc 11-
12  
C16:1 
cis 9 
C18:1  cis 
11 
Others3 UFA/SFA 
1 1 3.9±0.3 9.2±0.3 8.0±0.0 33.5±1.0 20.3±1.7 7.9±2.2 6.3±2.5 8.1±1.0 2.9±0.9 0.26±0.1 
 0.9 4.4±0.2 9.6±0.3 8.8±0.1 34.3±1.2 21.8±0.1 9.2±0.0 3.9±0.6 6.0±0.7 2.1±0.7 0.17±0.0 
 0.8 4.3±0.0 9.3±0.9 8.4±0.0 33.5±0.2 19.8±2.5 7.5±2.3 6.6±3.3 7.7±1.0 3.0±1.4 0.26±0.1 
 0.7 4.3±0.1 9.2±0.4 8.3±0.1 34.9±1.5 21.7±1.0 9.8±1.2 3.6±1.4 6.2±2.1 2.1±0.7 0.18±0.1 
 0.6 4.3±0.1 9.1±0.5 8.1±0.4 35.1±1.1 21.8±0.5 10.5±1.1 3.4±1.3 5.9±1.6 1.8±0.2 0.16±0.1 
14 1 3.7±0.4 9.2±0.3 7.3±0.4 33.9±0.7 20.1±0.4 8.8±0.3 6.2±0.3 9.1±0.0 1.7±0.3 0.28±0.0 
 0.9 4.1±0.3 9.6±0.3 7.7±0.3 33.3±0.9 20.1±0.4 8.6±0.9 6.3±0.1 8.9±0.1 1.4±0.5 0.28±0.2 
 0.8 4.5±0.2 9.4±0.1 7.8±0.3 33.1±0.8 20.1±0.1 7.7±0.1 6.3±0.2 8.8±0.2 2.2±0.8 0.27±0.0 
 0.7 4.4±0.3 9.0±0.5 7.6±0.2 34.1±0.6 20.7±0.2 8.4±0.7 5.8±0.3 8.7±0.0 1.4±0.3 0.26±0.1 
 0.6 4.4±0.3 9.2±0.0 7.8±0.3 34.2±0.7 20.4±0.1 9.8±2.2 4.6±1.2 7.9±0.9 1.7±0.8 0.22±0.0 
 98 
Table 2.2. Fatty acid composition of S. Tennessee K4643 grown in TSB supplied with 50 
μg/ml oleic or linoleic acid, or challenged in peanut oil for 24 h at 25°C.  
 
1 Percentage of total membrane fatty acids shown as average ± standard deviation of 
two replications.  
2: TSB with EtOH (solvent to dissolve fatty acids), final concentration 1%. 
3 Others: sum of fatty acids comprised <1% of total fatty acids individually. 
 
 
 
 
 
 
 
Fatty acid Percentage (%) of total fatty acids (avg ± SD)1 
Control2 Oleic acid Linoleic acid Peanut oil 
C12:0 3.5±0.1 3.4±0.0 3.5±0.1 3.9±0.0 
C14:0 8.1±0.12 7.6±0.0 8.0±0.2 8.4±0.3 
C14:0 3OH 7.7±0.0 7.1±0.3 7.6±0.3 7.9±0.1 
C16:0 31.8±0.2 32.11±0.1 35.8±1.1 32.7±0.2 
C16:1 cis 9 3.7±0.1 2.4±0.10 4.5±1.3 4.1±0.1 
C18:1 cis 9 0.1±0.3 7.9±0.1 0.3±0.8 0.1±0.5 
C18:1 cis 11 7.1±0.1 5.3±0.0 7.0±0.7 7.5±0.3 
C18:2   0.0±0.0 0.0±0.0 2.7±0.3 0.0±0.0 
C17:0 cyc 9-10 17.2±0.0 11.9±0.1 13.2±0.0 19.4±0.1 
C19:0 cyc 11-12 13.2±0.1 9.7±0.0 9.7±0.6 10.8±0.5 
C19:0 cyc 9-10 0.0±0.0 4.1±0.0 0.0±0.0 0.0±0.0 
Others3 1.6±0.1 1.5±0.0 1.5±0.2 2.7±0.9 
UFA/SFA 0.33±0.0 0.4±0.0 0.3±0.0 0.3±0.0 
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Table 2.3. Survival of S. Tennessee K4643 in glycerol solutions of different aw over 14 
days at 25°C after grown in TSB supplied with 50 μg/ml oleic or linoleic acid, or after 24 
h peanut oil challenge at 25°C.  
Day aw Population (log10 CFU/ml) 
Control1 Oleic Acid Linoleic Acid Peanut oil 
0 1 9.82 9.86 9.81 9.28 
 0.9 9.35 9.31 9.30 8.88 
 0.8 9.03 8.94 8.75 8.45 
 0.7 8.64 8.90 8.43 8.37 
 0.6 8.99 8.71 8.72 8.45 
1 1 9.77 9.66 9.77 8.90 
 0.9 8.83 8.96 8.61 8.59 
 0.8 8.49 8.34 8.25 8.01 
 0.7 7.97 8.09 7.88 7.92 
 0.6 7.82 7.69 7.71 7.51 
3 1 8.80 9.18 8.70 8.35 
 0.9 7.51 7.46 7.69 7.38 
 0.8 7.24 7.14 6.97 6.84 
 0.7 6.73 6.79 6.53 6.99 
 0.6 6.15 6.44 6.24 6.62 
5 1 8.43 8.28 8.18 7.93 
 0.9 6.24 6.78 6.90 6.42 
 0.8 5.77 5.83 6.01 5.54 
 0.7 5.72 5.88 5.51 5.84 
 0.6 4.95 4.71 4.66 5.52 
7 1 8.06 8.05 7.98 7.86 
 0.9 5.63 5.74 5.94 5.49 
 0.8 3.65 4.11 3.83 3.33 
 0.7 3.51 4.32 4.03 4.42 
 0.6 3.91 3.55 3.69 4.69 
10 1 7.78 A1 7.79 A 7.74 A 7.41 A 
 0.9 4.69 A 4.92 A 5.11 A 4.53 A 
 0.8 0.48 B 1.47 A 1.90 A 1.55 A 
 0.7 ND2 B 0.72 B 0.10 B 2.08 A 
 0.6 1.85 BC 2.50 B 1.65 C 3.56 A 
14 1 7.55 A 7.49 A 7.43 A 6.80 A 
 0.9 3.49 A 3.64 A 3.81 A 3.46 A 
 0.8 ND A ND A ND A ND A 
 0.7 ND A ND A ND A ND A 
 0.6 ND B ND B ND B 1.69 A 
1: TSB with 1% EtOH (solvent to dissolve fatty acids). 
2: Means at each aw within each time point followed by the same letter are not significantly 
different (P=0.05). For day 0-day 7, the population within each aw at each time point was not 
significantly different (P>0.05), thus no letter was assigned. 
3:ND: Not detectable. Detection limit: 1 CFU/ml.  
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Abstract 
The objective of this study was to investigate the antimicrobial activities of carvacrol, 
cinnamaldehyde and lauric arginate (LAE) against Salmonella in a low water activity (aw) 
glycerol-sucrose model and in peanut paste with different fat levels. Salmonella 
Tennessee were inoculated into the model, low fat (<5%) or high fat (50%) peanut paste 
adjusted to aw 1.0, 0.7, 0.5 and 0.3 and with or without cinnamaldehyde, carvacrol or 
lauric arginate. The survival of the bacterium over 3 or 5 days at 25°C was evaluated. 
Reduced aw alone decreased the viable population over time with highest reduction at 
the lowest aw. In the glycerol-sucrose model, all antimicrobials significantly reduced the 
population over time (P<0.05) compared to the controls. LAE was more lethal than the 
essential oil components, reducing the population to undetectable levels by day 2 for all 
aw. Cinnamaldehyde was more effective than carvacrol at aw 0.5 and 0.3 (2.7-2.9 vs. 
0.39-1.97 log reduction on day 3). In low fat peanut paste, none of the antimicrobials 
inhibited growth of the microorganism at aw 1.0. However, inactivation was enhanced at 
reduced aw. Cinnamaldehyde and LAE both reduced the population to undetectable 
levels on day 5 at the highest concentration tested (ca. 10 times higher than the 
glycerol-sucrose model). Inactivation efficacy of all antimicrobials was greatly 
decreased, but not eliminated, in 50% fat peanut paste. Results suggest that the test 
antimicrobials were effective under low aw conditions, but significantly higher 
concentrations are needed for potential food applications. Additionally, fat content can 
negatively impact the efficacy of these antimicrobials.  
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Introduction 
Although foodborne salmonellosis has traditionally been associated with consumption 
of raw or undercooked animal products, an increasing number of foodborne illness 
outbreaks and recalls have been linked to Salmonella contamination of low water 
activity (aw) foods in recent years (CDC 1998, 2007; Craven et al. 1975; Hockin et al. 
1989). In many of these outbreaks, the population of Salmonella recovered was often 
very low indicating a low infectious dose. In an international outbreak of Salmonella 
Nima from imported chocolate coins, the level of contamination was 4.3-24 MPN/100 g 
of product (Hockin et al. 1989). While it is well established that Salmonella cannot grow 
in these low aw environments, it can survive for long periods of time. For example, Park 
et al. (2008) reported only a 0.34-1.29 log CFU/g reduction of S. Tennessee over 14 days 
at 22°C in peanut butter. Salmonella phage type 30 was able to survive in almond 
kernels for over 550 days with no significant reduction at -20 and 4°C (Uesugi et al. 
2006).   
Not only can Salmonella survive over extended periods when exposed to low aw 
environments, it also may acquire increased heat resistance. For example, the D-value 
of Salmonella at 90°C in peanut butter was over 8 min (Ma et al. 2009) while it was only 
0.3 min in tryptic soy broth at 60°C (Wolfson and Sumner 1994). Increased heat 
resistance at low water activity suggests a need for investigation of alternative thermal 
or non-thermal control methods to ensure the safety of these foods. The inactivation of 
Salmonella using physical methods, such as high hydrostatic pressure, X-ray and 
electron beam irradiation, have been evaluated in low aw foods (D’Souza et al. 2012, 
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Jeong et al. 2010, Matak et al. 2010). However, the incorporation of antimicrobials to 
potentially control Salmonella in low aw foods has not been widely explored.  
Lauric arginate (N-lauroyl-L-arginine ethyl ester monohydrochloride, LAE) is an 
amino acid-based cationic surfactant. It is produced synthetically from lauric acid and 
arginine, with the addition of ethanol for ethyl ester formation (Hawkins et al. 2009). 
Research has shown that LAE (Ruckman et al. 2004) has low toxicity and it has generally 
recognized as safe (GRAS) status in the US for up to 225 mg/kg in certain foods (FDA 
2005). Antimicrobial efficacy of LAE at low concentrations has been been reported 
against a wide range of microorganisms. For example, Becerril et al. (2013) reported 25 
ppm of LAE was the minimum inhibitory concentration of LAE against Escherichia coli, 
Listeria innocua, Salmonella, while only 12.5 ppm was required for Staphylococcus 
aureus.  
Essential oils are volatile, natural aromatic compounds from plant materials. 
They have low solubility in water but are soluble in oil and other hydrophobic 
substances. They have been used as flavoring agents in a variety of foods such as baked 
goods, candy and beverages (Fenaroli 1995). The antimicrobial properties of essential 
oils have been evaluated against foodborne pathogens and spoilage microorganisms. 
Carvacrol is a phenolic compound and a major component of the essential oils of the 
plant family Lamiaceae, including oregano (59-74%) and thyme (45%) (Arrebola et al. 
1994, Lagouri et al. 1993). Trans-cinnamaldehyde is a major component of cinnamon 
bark oil. Both compounds are considered GRAS as flavoring substances (21 Code of 
Federal Regulation (CFR) 172.515; 21 CFR 182.60). Both have been shown to have 
 104 
antibacterial activity against Salmonella in microbiological media and various foods. 
Zhou et al. (2007) demonstrated an approximate 3 log reduction of Salmonella 
Typhimurium with 200 ppm cinnamaldehyde or 400 ppm carvacrol in microbiological 
media after 24 h at 37 °C. When carvacrol (100 or 200 ppm) and cinnamaldehyde (100 
ppm) were combined, a synergistic antimicrobial effect against S. Typhimurium was 
reported. Johny et al. (2010) reported that 0.35% (v/v) trans-cinnamaldehyde reduced 
Salmonella Enteritidis to undetectable levels from 7 log CFU/ml in chicken cecal 
contents in vitro after 8 h at 40°C, and no survivors were detected upon enrichment. In 
contrast, while 0.75% carvacrol caused a reduction to < 1 log CFU/ml, S. Enteritidis was 
detected upon enrichment.  
The objective of this study was to evaluate the antimicrobial activity of carvacrol, 
cinnamaldehyde and lauric arginate, alone or in combination, against Salmonella 
Tennessee at reduced water activity. Studies were carried out in a glycerol-sucrose 
model and in peanut paste with different fat levels.  
Materials and Methods 
Bacterial strain. Salmonella enterica Tennessee K4643, a 2006-2007 peanut 
butter outbreak isolate, was used in this study. It was obtained from the Center for Food 
Safety at the University of Georgia. This strain was previously found to have better 
survival at low water activity than S. Typhimurium ATCC 2486 and S. Enteritidis H4267 
(Chen 2014). The culture was maintained as a glycerol stock at -80°C before use. 
Culture handling. The bacterium was cultured in tryptic soy broth (TSB, Difco, 
Becton Dickinson, Sparks, MD) at 37°C for 24 h. After three successive transfers, cells 
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were harvested by centrifugation at 8000 x g for 12 min at 4°C (Sorvall Legend 23 R, 
Thermo Fisher, Asheville, NC). Cells pellets were washed by resuspension in 20 ml of 0.1 
M phosphate buffer (PB, Difco). The process was repeated three times with the final cell 
pellet being suspended in 1 ml of 0.1 M PB. 
Glycerol-Sucrose Model. Different volumes of glycerol (Lab Grade, Fisher 
Science Education, Nazareth, PA) were added to sterile deionized (DI) water to prepare 
solutions with water activities (v/v percentage of glycerol in parentheses) of 1.0 (1%), 
0.7 (47%), 0.5 (75%) and 0.3 (87%). The solutions were supplemented with 5% (w/v) 
sucrose. Water activity of the solutions was determined using a dew point water activity 
meter (4TE, Aqua Lab Technologies, Pullman, WA) which was standardized daily. 
Peanut paste preparation. Peanut paste was prepared by combining defatted 
peanut flour (12% fat, light roast, Byrd Mill Co., Ashland, VA, composition shown in 
Table 1), glycerol and sterile DI water. Fifty gram samples were prepared by adjusting 
the ratio of the components to achieve water activities of 1.0 (20 g peanut flour, 30 ml 
sterile DI water), 0.7 (16.16 g peanut flour, 16.17 ml glycerol and 12.48 ml sterile DI 
water), 0.5 (14.54 g peanut flour, 21.81 ml glycerol and 7.0 ml sterile DI water) and 0.3 
(15.92 g peanut flour, 23.88 ml glycerol and 2.98 ml sterile DI water). The fat content in 
all samples was < 5%. A high fat containing peanut paste was prepared with defatted 
peanut flour and peanut oil (Golden Choice, Sunflower Vegetable Oil Inc., Lenexa, KS) to 
mimic commercial peanut butter. Each 50 g sample contained 28.41 g defatted peanut 
flour and 23.46 ml peanut oil. The final concentration of fat was 50% (w/w).  
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Antimicrobial addition. Carvacrol (≥98%, Sigma-Aldrich, St. Louis, MO), trans-
cinnamaldehyde (≥98%, Sigma-Aldrich) and LAE (ethyl ester HCl, Mirenat-TT, 15±0.5% 
w/w, Vedeqsa, Spain) were utilized in this study.  Stock solutions of cinnamaldehyde and 
carvacrol (5000 ppm) were made in 95% ethanol and of LAE (2000 ppm) were made in 
sterile DI water. Each stock was added to the glycerol-sucrose solutions to achieve the 
final concentrations of 0, 125, 250 and 500 ppm for carvacrol and cinnamaldehyde or 
50, 100 and 200 ppm for LAE. Combinations of carvacrol and cinnamaldehyde (each 125 
ppm or 250 ppm) were also tested. The control sample of each aw model contained 0.1 
ml of 95% ethanol (cinnamaldehyde and carvacrol) or sterile DI water (LAE). 
A 0.1 ml sample of the bacterial cell suspension was added to each solution to 
achieve a final concentration ca. 9 log CFU/ml. All mixtures were mixed by vortex and 
incubated at 25°C for 3 days. 
Antimicrobials were added to peanut paste samples at the following 
concentrations: cinnamaldehyde (0, 1250 and 2500 ppm), carvacrol and LAE (0, 2500 
and 5000 ppm). Then 500 µl of culture resuspension was added to each sample to reach 
a final concentration ca. 9 log CFU/g. The inoculated samples were mixed with a sterile 
stainless steel spatula and stored at 25°C for 5 days. Additional samples were made for 
aw measurement using a dew point water activity meter (Aqua Lab). 
Viable cell determination. One ml of each glycerol-sucrose model sample was 
taken every 24 h, serially diluted in 0.1% peptone water (Difco) and spread plated (0.1 
or 1 ml straight from sample) onto tryptic soy agar (TSA, Difco). On day 0, 1, 3 and 5, 5 g 
of each peanut paste sample was measured in a sterile blender bag, homogenized with 
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45 ml 0.1% peptone water with 0.2% Tween 80 (Fisher, Fair Lawn, NJ) for 90 sec at 230 
rpm in a stomacher blender (stomacher 400 circulator, Seward, England). The mixture 
was serially diluted in 0.1% peptone water and spread plated on TSA plates in duplicate. 
All plates were incubated at 37°C for 24 h prior to enumeration. The bacterial 
population in non-inoculated defatted peanut flour was also measured for background 
microflora evaluation. All experiments were performed in triplicate. In each replication, 
one sample was analyzed for the glycerol-sucrose model (n=3) while two samples were 
analyzed for the peanut paste at low and high fat levels (n=6).  
Data analysis. Data were fit to a completely randomized experiment design 
(CRD). Analysis of variance was conducted using SAS, version 9.3 (SAS Institute, Inc., 
Cary, NC, USA). Significance level was set at p≤0.05. 
Results and Discussion 
Inactivation of S. Tennessee in reduced aw glycerol-sucrose models. The 
viability of S. Tennessee in the glycerol-sucrose models at aw 0.3-1.0 in the absence 
(control) and presence of cinnamaldehyde and carvacrol or LAE is shown in Table 2 and 
3, respectively. Reducing the aw from 1.0 to 0.7-0.3 caused a reduction in the viable 
counts of the controls with higher reductions at lower aw. It is possible that less 
reduction in viability could have been achieved if the cultures had been grown in a solid 
versus a liquid medium (Keller et al. 2012). All antimicrobials significantly reduced the 
population over time when used individually (p<0.05). For the essential oil components 
(Table 2) at aw 1.0, 500 ppm of both cinnamaldehyde and carvacrol reduced viable cells 
to undetectable levels (1.0 CFU/ml) within 48 h. The antimicrobial efficacy of carvacrol 
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and cinnamaldehyde was adversely affected by a decrease in aw. At higher aw, carvacrol 
was more effective against Salmonella than cinnamaldehyde. For example, at aw 0.7 
after 72 h, 250 ppm carvacrol decreased the population to < 2 log CFU/ml and, at 500 
ppm, no viable cells were detected. In contrast under these same conditions, the counts 
with cinnamaldehyde at 250 and 500 ppm were > 5 log CFU/ml and ca. 2 log CFU/ml, 
respectively. At 500 ppm, cinnamaldehyde was slightly more effective than carvacrol at 
aw 0.3 for days 1-3. When combined, there was generally no enhancement of activity of 
the pair (e.g., Cin-Car at 125 ppm each) compared to the most active of the pair at the 
same concentration (e.g., Cin or Car at 250 ppm).  
LAE was the most effective antimicrobial tested (Table 3). An immediate effect 
was observed with LAE at 200 ppm at all aw levels where inactivation ranged from a 2.35 
to >7 log reduction. By day 2, the populations at all aw declined to undetectable levels 
with 200 ppm, and by day 3, all were undetectable at 100 ppm LAE with the exception 
of 0.3 aw where a >7 log reduction occurred compared to the treatment at day 0. As with 
the essential oil components, inactivation by LAE increased as the aw increased. 
At higher water activities in the glycerol-sucrose model, the antimicrobials, 
especially the EO components, had better activity against S. Tennessee. Cava et al. (2007) 
suggested that water facilitated the movement of antimicrobial compounds to the 
target site in the bacterial cell which might explain why the antimicrobials had better 
activity at higher aw. When comparing the effectiveness of the carvacrol and 
cinnamaldehyde, an interesting observation was that carvacrol had better activity at aw 
1.0 and 0.7 while cinnamaldehyde was superior at aw 0.3. There is an obvious difference 
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in the chemical structure (phenolic vs. aldehyde) of the two compounds and the 
proposed mechanisms of antimicrobial activity of the compounds are reportedly 
somewhat different (Helander et al. 1998, Pol et al. 2001, Wendakoon et al. 1995). 
However, all of the mechanistic studies were performed in high and constant aw 
environments. Thus, it is difficult to conclude that the physical characteristics or 
suggested mechanisms are related to the antimicrobial effects in this experimental 
condition.  
The results for LAE in the glycerol-sucrose model suggest that it is a fast acting 
antimicrobial at aw of 1.0 (3.71 log reduction immediately after 50 ppm LAE was added). 
At lower aw, the antimicrobial activity was slowed but not eliminated as S. Tennessee 
was reduced to low or undetectable levels even at 0.3 with ≥ 100 ppm. Becerril et al. 
(2013) also demonstrated rapid bactericidal effect of LAE at high aw. They observed 
a >3.5 log reduction of S. enterica or L. innocua within 4 or 2 minutes, respectively, in 
broth in the presence of the minimum bactericidal concentration. Just as with the 
essential oil components, no previously published information was found on the activity 
of LAE at reduced water activities (i.e., aw <0.9).  
Inactivation of S. Tennessee in low fat peanut paste models. No background 
microflora was detected (limit 10 CFU/g) in defatted peanut flour. The results of 
exposure of S. Tennessee to carvacrol, cinnamaldehyde and LAE in the low fat peanut 
paste model is shown in Tables 4, 5 and 6. The counts in the control samples at aw of 1.0 
increased by ca. 1 log CFU/g while the counts in the controls at aw 0.7, 0.5, and 0.3 with 
no antimicrobials decreased over time (0.66-2.93 log CFU/g). At aw 1.0, the addition of 
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either essential oil slightly reduced the population in some cases, but the counts 
eventually reached the same level as the control on day 3 (cinnamaldehyde) or 5 
(carvacrol) (p>0.05; Table 4 and 5). Cinnamaldehyde was generally more effective than 
carvacrol at aw 0.7-0.3 on a concentration basis. At aw 0.5 and 0.3, counts were reduced 
to undetectable levels with 2500 ppm cinnamaldehyde (>6 log reduction), while on day 
5 with carvacrol there were > 2.5 log CFU remaining at 5000 ppm. At aw 1.0, LAE (2500-
5000 ppm) slightly reduced growth of S. Tennessee with a 0.9-1.3 log difference on day 
5 compared to the control (Table 6) however the overall effect of the compound was 
bacteriostatic if counts are compared with the same concentration at day 0 (P>0.05). At 
aw 0.7, 0.5 and 0.3, greater reductions in viable cells were observed with LAE compared 
to the controls at the same water activity. In addition, counts were reduced to 
undetectable level after 24 h with 5000 ppm LAE at aw 0.5 and 0.3.  
In low fat peanut paste at aw 1.0, the components of the peanut flour (19.2% 
protein, 11.2% total carbohydrate) likely interfered with the activity of the 
antimicrobials, as none of the antimicrobials tested was able to prevent growth at 
concentrations 10 times higher than that used in the glycerol-sucrose model. It has been 
demonstrated many times that food components, especially proteins and lipids, interact 
with and reduce the antimicrobial activity of amphiphilic antimicrobials, such as 
essential oil components (Davidson et al. 2012). Carbohydrates in foods are less 
protective for bacteria against essential oil components than proteins and fat (Shelef et 
al. 1984). In contrast, the reduced efficacy of the cationic surfactant LAE in the food 
matrices could be due to its interaction with anionic components (Asker et al. 2011). 
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Anionic polymers (pectin, alginate, carrageenan and xanthan) have been found to bind 
strongly to LAE. The degree of binding and solubility of the complexes differed by 
polysaccharide type and concentration (Bonnaud et al. 2010). A contributing factor to 
the interaction of the food components and antimicrobial activity could be related to 
the slight composition variation of the peanut paste preparations. Since aw was reduced 
by increasing the glycerol concentration and reducing the water concentration, there 
were minor alterations in the concentrations of protein and carbohydrate of the peanut 
flour. When the aw was reduced from 1.0 to 0.3, there was a 3.69 to 5.24% reduction in 
protein and 2.15 to 3.06% reduction in carbohydrate. Thus, the antimicrobial activity of 
the active compounds against of Salmonella was influenced by a combined interaction 
of the native antimicrobial activity and a modification of the concentration of the 
interfering components.  
Inactivation of S. Tennessee in 50% fat peanut paste models. The population 
when no antimicrobial was added was reduced from > 7.5 log to 5.19 log CFU/g over 5 
days (Table 7).  The activity of all the antimicrobials tested was significantly reduced 
compared to that in the low fat peanut paste at aw of 0.3. With up to 5000 ppm 
carvacrol alone, there was no inhibition of S. Tennessee in the peanut paste over 5 days 
storage at 25°C (data not shown). With cinnamaldehyde at 1250 or 2500 ppm in low fat 
peanut paste, there was a > 4 log decrease compared to the control at aw of 0.3 in 5 
days. When the fat was added, the reduction by cinnamaldehyde was less than 1 log 
compared to the control. Thus the presence of lipid nearly completely eliminated the 
antimicrobial activity of cinnamaldehyde against S. Tennessee in peanut paste.  
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Lipids in food can solubilize or bind hydrophobic antimicrobials such as essential 
oil components, which leads to a reduction in effectiveness or elimination of 
antimicrobial activity against microorganisms which are in the aqueous phase (Gill et al. 
2002, Juven et al. 1994, Tassou et al. 1995). Gutierrez et al. (2008) evaluated the 
antimicrobial efficacy of oregano and thyme essential oils against Listeria 
monocytogenes in the presence of various food ingredients and concluded that 
increased fat content had a negative effect on EOs efficacy. Smith-Palmer et al. (2001) 
reported oils of cinnamon at 1% can inactivate > 5 logs of L. monocytogenes in low fat 
(16%) soft cheese after 3 days at 4°C; however, the same level of inactivation was not 
achieved even after 14 days in full-fat (30%) soft cheese. Farhood et al. (1976) suggested 
that a protective layer of fat could be formed on the surface of bacterial cells preventing 
the active antimicrobial compounds from reaching the cell. 
Similarly to cinnamaldehyde, the antimicrobial activity of LAE was significantly 
reduced in the 50% fat peanut paste compared to the low fat peanut paste. In low fat 
peanut paste, LAE at 2500 or 5000 ppm caused a total reduction of 4-5 logs in 5 days 
compared to the control at aw of 0.3. In the presence of 50% fat, the reduction of 
Salmonella by LAE compared to the control at day 5 was ca. 1.5 log. Similar results were 
demonstrated in a study on the effect of lipids on LAE antimicrobial activity (Soni et al. 
2010). Against L. monocytogenes, 200 ppm of LAE caused a 4 log CFU/ml reduction to an 
undetectable level within 30 min at 4°C in tryptic soy broth while in milk there was only 
a 1 log reduction after 24 h. Similarly, growth of L. monocytogenes in whole milk was 
not inhibited with 400 ppm, while in skim milk a bacteriostatic effect was observed. 
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A combination of the most effective essential oil compound, cinnamaldehyde, 
and LAE was further tested to determine if there was enhancement of antimicrobial 
activity of the compounds over that used alone. At day 5, 2500 ppm cinnamaldehyde 
and 5000 ppm LAE alone reduced the population by 0.82 and 1.58 log, respectively, 
compared to the day 5 control while the combination showed a 3.27 log reduction. This 
indicated there could be a positive interaction between the two compounds with 
improved activity (p<0.05) compared to the most active compound. Combinations of 
essential oils and LAE have been evaluated previously in other food products. For 
example, Oladunjoye et al. (2013) reported that a combination of 2000 ppm LAE and 
1000 ppm carvacrol reduced a 3-strain Salmonella cocktail by 4 logs in ground turkey 
containing 7% fat after 24 h at 4°C, while less than a 1 log decrease was achieved with 
the individual antimicrobials. 
 This study for the first time provided information about antimicrobial properties 
of cinnamaldehyde, carvacrol and LAE against Salmonella in low moisture foods with aw 
as low as 0.3 and fat content up to 50%. This research simulated the scenario when low 
moisture foods are contaminated by Salmonella through wet contamination route (e.g., 
water droplets from the processing equipment) without desiccation adaptation.  
All antimicrobials tested showed activities at reduced aw. Although food 
ingredients interfered the antimicrobial activities, with higher concentrations, similar 
inactivation was demonstrated in low fat (<5%) peanut paste than in glycerol-sucrose 
model. When fat content was 50%, while inactivation was greatly reduced with 
increased concentration, it was not eliminated. Cinnamaldehyde and LAE were more 
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effective than carvacrol in food models and thus they would be better candidates for 
low aw food application. If applied to foods, the sensory effects of the compounds would 
need to be compatible with the products (David et al. 2013). For the two most effective 
compounds, LAE is odorless and cinnamon flavor could be compatible with desserts or 
many low moisture products, such as cereal and energy bars. To apply these compounds 
for antimicrobial purposes, a sensory evaluation of the target product would need to 
done to evaluate consumer acceptance.  
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Appendix 
Table 3.1. Composition of defatted peanut flour.  
Ingredient Percentage (%, per 25 g)a 
Protein  48 
Total carbohydrate  28 
Total fat  12 
Dietary fiber  12 
aValues on product label.  
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Table 3.2. Inactivation of Salmonella Tennessee K4643 in a low water activity (aw) 
glycerol-sucrose model with cinnamaldehyde (Cin) and carvacrol (Car) alone and in 
combination over 3 days at 25°C.  
Day  Concentration 
(ppm) 
Population (log CFU/ml) 
aw 
    1a 0.7 0.5 0.3 
0 0  8.73 Ab 8.40 AB 7.95 A 7.54 A 
 Cin 125  8.64 A 8.24 AB 7.91 A 7.67 A 
 Car 125  8.58 A 8.54 A 7.94 A 7.55 A 
 Cin + Car 125 8.62 A 8.59 A 7.67 A 7.41 A 
 Cin 250  8.74 A 8.45 AB 7.85 A 7.17 A 
 Car 250  8.52 A 8.07 AB 7.93 A 7.60 A 
  Cin + Car 250  7.32 B 7.91 AB 7.72 A 7.22 A 
 Cin 500 8.58 A 8.04 AB 7.90 A 7.40 A 
 Car 500 5.01 C 7.80 B 7.93 A 7.21 A 
1 0  8.58 A 6.68 A 5.63 A 4.78 A 
 Cin 125  8.20 AB 6.48 AB 5.64 A 4.46 A 
 Car 125  6.24 C 5.77 BC 5.50 A 4.50 A 
 Cin + Car 125 4.20 D 5.51 C 4.99 AB 4.32 AB 
  Cin 250  7.41 B 5.94 BC  5.47 A 4.12 ABC 
 Car 250  NDcE 4.14 D 5.38 A 4.58 A 
  Cin + Car 250  ND E 2.72 E 3.72 D 3.77 BC 
 Cin 500 3.81 D 5.84 BC 4.59 BC 3.59 C 
 Car 500 ND E 2.21 E 4.27 CD 4.51 A 
2 0  8.35A 6.04 A 5.11 A 4.70 A 
 Cin 125  7.62 A 5.95 A 4.60 ABC 3.88 BCDE 
  Car 125  5.34 B 4.81 B 4.75 AB 4.29 ABC 
 Cin + Car 125 3.32 C 4.32 BC 3.62 DE 3.68 CDE 
 Cin 250  5.27 B 5.81 A 3.92 CDE 3.45 DEF 
 Car 250  ND D 3.10 D 4.21 BCD 4.38 AB 
  Cin + Car 250  ND D ND E 2.61 G 3.20 E 
 Cin 500 ND D 3.80 CD 2.87 FG 2.41 F 
 Car 500 ND D ND E 3.48 EF 3.92 BCD 
3  0  8.12 A 5.12 A 4.34 A 4.16 A 
 Cin 125  6.96 B 5.22 A 3.74 ABC 3.57 AB 
 Car 125  5.84 C 4.12 B 3.93 AB 3.96 AB 
 Cin + Car 125 3.11 E 3.27 C 3.14 C 3.39 BC 
 Cin 250  4.06 D 5.06 A 3.37 BC 2.86 CD 
 Car 250  ND F 1.35 E 2.37BC 3.77 AB 
  Cin + Car 250  ND F ND F 1.03 E 2.64 D 
 Cin 500 ND F 2.25 D 1.82 D 1.21 E 
 Car 500 ND F ND F 2.37 D 3.77 AB 
aAverage aw of the samples were: 0.99±0.007, 0.71±0.013, 0.51±0.012, 0.31±0.019. 
bPopulation followed by the same letter at each aw within a day are not significantly 
different (p>0.05).  
cND: not detectable. Detection limit = 1 CFU/ml (log 0 CFU/ml).  
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Table 3.3. Inactivation of Salmonella Tennessee K4643 in a low water activity (aw) 
glycerol-sucrose model with lauric arginate over 3 days at 25°C. 
 
Day  Concentration 
(ppm) 
  
Population (log CFU/ml) 
aw 
  1a 0.7 0.5 0.3 
0 0  8.84 Ab 8.81 A 8.13 A 7.79 A 
 50  5.13 C 7.69 B 7.58 B 7.61 A 
 100 2.87 D 5.78 D 6.93 C 6.95 B 
 200  1.56 EF 5.59 D 5.52 DE 5.44 C 
1 0  8.52 AB 7.00 C 6.45 C 4.81 D 
 50  1.81 E 2.59 E 2.70 F 3.27 F 
 100  NDc G 0.70 FG 2.19 FG 2.68 G 
 200  ND G 0.42 FGH 0.44 IJ 0.51 J 
2 0  8.33 B 6.47 C 5.81 D 4.97 CD 
 50  1.22 F 0.93 F 2.23 G 2.09 H 
 100  ND G 0.66 FG 0.42 IK 1.24 I 
 200  ND G ND H ND KL ND K 
3 0  8.26 B 5.74 D 5.37 E 4.10 E 
 50  0.36 G 0.14 GH 1.47 H 2.16 GH 
 100  ND G ND H ND JL 0.54 JK 
  200  ND G ND H ND IJK ND JK 
aAverage aw of the samples were: 0.99±0.005, 0.71±0.011, 0.51±0.011, 0.31±0.016.
 
bPopulation in a column followed by the same letter are not significantly different 
(p>0.05). 
cND: not detectable. Detection limit is 1 CFU/ml (log 0 CFU/ml). 
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Table 3.4. Inactivation of Salmonella Tennessee K4643 in low fat (<5%) peanut paste at 
different aw with carvacrol over 5 days at 25°C.  
Day  Concentration Population (log CFU/g)a 
 
(ppm) aw 
  
 
1b 0.7 0.5 0.3 
0 0  8.49 Bc 8.23 AB 8.19 A 7.74 A 
 
2500  8.46 B 8.14 A 7.99 AB 7.21 AB  
 
5000  8.38 B 7.46 AB 7.13 BCD 6.73 B 
1 0  9.75 A 7.57 AB 7.32 BC 6.66 B 
 
2500  9.62 A 7.30 BC 6.97 CD 5.55 CD 
 
5000  9.42 A 5.82 DE 5.37 E 3.76 FG 
3 0  9.90 A 6.48 CD 6.36 D 5.71 C 
 
2500  8.19 BC 5.45 E 5.21 E 4.87 CD 
 
5000  7.44 C 4.30F 3.96 F 3.27 FG 
5 0  9.96 A 5.05 EF 5.64 E 4.81 DE 
 
2500  9.92 A 5.52 E 3.91 F 4.13 EF 
  5000  9.61 A 2.36 G 2.69 G 3.08 G 
aPopulations in a column within antimicrobial type and followed by the same letter are 
not significantly different (p>0.05). 
b The aw of the samples were: 0.99±0.008, 0.71±0.015, 0.50±0.018, 0.30±0.011.
  
cDetection limit = 10 CFU/g (log 1 CFU/g). 
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Table 3.5. Inactivation of Salmonella Tennessee K4643 in low fat (<5%) peanut paste at 
different aw with cinnamaldehyde over 5 days at 25°C.  
Day  Concentration Population (log CFU/g) 
 
(ppm) aw 
  
 
1a 0.7 0.5 0.3 
0 0  8.46 Bb 8.24 A 8.14 A 7.88 A 
 
1250  8.47 B 8.27 A 8.07 A 7.74 A  
 
2500  8.49 B 8.18 A 7.98 A 7.01 B 
1 0 9.70 A 6.88 B 7.12 B 6.48 B 
 
1250  8.50 B 5.69 C 5.27 D 4.60 D 
 
2500  7.18 C 4.30 D 2.51 F 1.34 E 
3 0  9.99 A 6.22 C 6.16 C 5.44 C 
 
1250  9.70 A 4.56 D 3.66 E 1.38 E 
 
2500  9.57 A 2.48 F 0.78 G NDc F 
5 0  9.92 A 4.79 D 5.29 D 4.84 D 
 
1250  9.74 A 3.37 E 2.18F 0.46 F 
  2500  9.55 A 1.87 G ND H ND F 
 aThe aw of the samples were: 0.99±0.007, 0.71±0.011, 0.51±0.011, 0.29±0.016. 
bPopulations in a column within antimicrobial type and followed by the same letter are 
not significantly different (p>0.05). 
cND: not detectable. Detection limit = 10 CFU/g (log 1 CFU/g). 
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Table 3.6. Inactivation of Salmonella Tennessee K4643 in low fat (<5%) peanut paste of 
different aw with lauric arginate over 5 days at 25°C.  
Day Concentration 
(ppm) 
Population (log CFU/g) 
aw 
  1a 0.7 0.5 0.3 
0 0  8.47 Cb 8.20 A 8.06 A 7.81 A 
 2500  8.46 C 7.86 A 6.73 BC 5.90 C 
 5000  8.42 C 7.29 B 5.78 D 3.74 E 
1 0  9.64 A 7.22 B 7.00 B 6.45 B 
 2500  9.52 A 6.09 C 3.48 F 2.63 F 
 5000  7.97 D 5.13 D NDc I ND H 
3 0  9.89 A 6.45 C 6.36 C 5.66 C 
 2500  8.89 B 4.92 D 2.56 G 0.71 G 
 5000  8.64 BC 3.35 E ND I ND H 
5 0  9.64 A 5.24 D 5.28 E 4.37 D 
 2500  8.36 CD 3.54 E 0.74H ND H 
 5000  8.72 BC 1.16 F ND I ND H 
aThe aw of the samples were: 0.99±0.007, 0.72±0.018, 0.52±0.019, 0.36±0.013.
 
aPopulation in a column followed by the same letter are not significantly different 
(p>0.05). 
bND: not detectable. The detection limit is 10 CFU/g (log 1 CFU/g). 
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Table 3.7. Inactivation of Salmonella Tennessee K4643 in peanut paste (50% fat) with 
cinnamaldehyde (Cin) and lauric arginate (LAE) over 5 days at 25°C.  
Day Concentration 
(ppm) 
Population  
(log CFU/g) 
0 0  7.74 Aab 
 Cin 1250  7.40 AB 
 LAE 2500  6.92 ABC 
 LAE 2500+Cin 1250 6.65 BC 
 Cin 2500  6.81 BC 
 LAE 5000  6.38 CD 
 LAE 5000+Cin 2500 5.61 D 
1 0  5.97 A 
 Cin 1250  4.96 BC 
 LAE 2500  5.58 AB 
 LAE 2500+Cin 1250 5.45 AB 
 Cin 2500  5.22 AB 
 LAE 5000  4.88 BC 
 LAE 5000+Cin 2500 4.37 C 
3 0  5.15 A 
 Cin 1250  4.78 A 
 LAE 2500  5.26 A 
 LAE 2500+Cin 1250 5.02 A 
 Cin 2500  4.89 A 
 LAE 5000  3.97 B 
 LAE 5000+Cin 2500 2.71 C 
5 0  5.19 A 
 Cin 1250  4.91 AB 
 LAE 2500  4.86 AB 
 LAE 2500+Cin 1250 4.92 AB 
 Cin 2500  4.37 B 
 LAE 5000  3.61 C 
 LAE 5000+Cin 2500 1.92 D 
aThe aw of the samples were: 0.33±0.008(LAE, LAE+Cin); 0.35+0.014(Cin)
 
bPopulation followed by the same letter within a day are not significantly different 
(p>0.05).  
cThe detection limit is 10 CFU/g (log10 1 CFU/g). 
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Conclusion 
 
This research provide information about changes of fatty acids and their associated 
genes in low aW environment. The results showed increased expression of fabA was 
associated with increased survival of Salmonella over prolonged exposure to a low aW 
food, and increased expression of cfa was associated with decreased survival for the 
time period tested. However, the fatty acid compositions was not modified in low aW 
solutions as low as 0.6 created by glycerol solution. Salmonella was able to incorporate 
exogenous oleic and linoleic acid from growth media, but the incorporation did not 
enhance its survival in low aW solutions.  
Cinnamaldehylde, carvacrol and lauric arginate (LAE) all showed activities against 
Salmonella at reduced aw. Although food ingredients interfered the antimicrobial 
activities, with higher concentrations, similar inactivation was demonstrated in low fat 
(<5%) peanut paste than in glycerol-sucrose model. When fat content was 50%, while 
inactivation was greatly reduced with increased concentration, it was not eliminated. 
Cinnamaldehyde and LAE were more effective than carvacrol in food models and thus 
they would be better candidates for low aw food application. 
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